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Abstract
The parasitic and invasive land-locked sea lamprey Petromyzon marinus populations
contributed to the collapse of the Great Lakes fisheries in the mid-1900s, while native
anadromous populations are currently under threat and require conservation efforts for
protection. Despite the increasing concern for both populations of this species, the juvenile
stage of the sea lamprey’s life cycle has not been well studied. This is due, in part, to ethical
concerns raised around holding live host fish with juveniles and the lack of an alternative
feeding method to maintain these juveniles in the laboratory. The feeder should be designed
to minimize fouling of the water with blood, and trigger juvenile sea lamprey to volitionally
feed at comparable rates to naturally feeding fish. Two artificial feeder prototypes were
developed that used porcine blood in lieu of using host fish body fluids to study the feeding
physiology and behaviour of juvenile sea lamprey. The first feeding system, the ‘Porto’ feeder,
consisted of a feeding plate that uses umbrella-type microvalves to regulate flow from a food
reservoir. The second feeder was a hollow silicone fish with self-sealing perforations filled
with the liquid meal. The artificial feeders were developed to make use of the suctorial feeding
mechanism of the juvenile sea lamprey which generates a negative pressure. Both feeder types
were capable of delivering a liquid meal to an attached juvenile sea lamprey but volitional
attachment by the juvenile sea lamprey only occurred with the silicone fish. When placed into
the silicone fish, porcine blood was the only liquid meal found to encourage volitional
attachment compared to liquid meals that incorporated fish (Pangasius bocourti) fillet extract.
When manually force fed, ration size of the liquid meal did impact the amount of blood
consumed by the juvenile sea lamprey. Absorption of the iron from porcine blood likely
occurred in the anterior intestine while secretion of excess iron occurred in the posterior
intestine. Unfed animals had higher amounts of iron in the liver compared to fed animals,
indicated by the iron staining intensity. This suggests that the fed animals mobilized the iron
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in the liver to aid in the growth observed in other studies during feeding or for the purposes of
elimination during feeding. The decision-making maze task (Y-maze) showed no preference
towards bile salts from rainbow trout (Oncorhychus mykiss) compared to the control. However,
neither positive (trout water) nor negative (lamprey homogenates) controls elicited expected
responses either. Thus, whether fish-related olfactory cues may enhance artificial feeding
systems is inconclusive at this point. The silicone fish has demonstrated its use in the laboratory
setting based on behaviour and attachment rates and should be considered for use when feeding
juvenile sea lamprey in the laboratory. Although volitional attachment did not occur with the
Porto feeder, it may be useful when performing feeding studies with juvenile sea lamprey
where the liquid meal can be dosed with other compounds. In conclusion, although the silicone
feeder prototype requires additional optimization, it is a viable system to deliver a blood meal
to parasitic lamprey for laboratory and potentially field application without the need of a live
host. This will aid future research on this problematic life history stage.
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1. Introduction
1.1. Sea Lamprey Life History and Invasion
Sea lamprey (Petromyzon marinus) have a complex life cycle, the prolarvae develop
into larval ammocoetes that live in the substrate of the stream for 3-7 years (Beamish & Potter,
1975; Youson, 1980). Ammocoetes filter feed on algae, detritus, and bacteria (Sutton &
Bowen, 1994) and are functionally blind (Applegate, 1955). They undergo metamorphosis into
juveniles during the mid to late summer (Youson, 2003; Manzon et al., 2011). Juvenile sea
lamprey have a characteristic oral (sucking) disc, which contains rows of teeth and a razorsharp rasping tongue. This stage is also characterized by the emergence of prominent eyes
(Mallatt, 1996; Rovainen, 1996; Renaud et al., 2009). The juveniles migrate downstream to the
sea in the case of anadromous populations (Silva et al., 2013b) or into lakes in the case of
landlocked sea lamprey populations (Youson, 1980). The juvenile stage of the anadromous sea
lamprey populations has previously been reported to be 23-28 months (Beamish, 1980;
Halliday, 1991) but recent studies have shown that juvenile anadromous sea lamprey may have
a shortened feeding period of approximately 10-14 months (Silva et al., 2013a). The juvenile
hematophagous (blood feeding) stage in land-locked sea lamprey lasts for approximately 12
months (Bergstedt & Swink, 1995), with a single sea lamprey killing up to 16 kg of fish in the
laboratory (Swink, 2003). After the juvenile stage, the landlocked sea lamprey mature into
adults and migrate upstream to spawn in the spring or early summer, before dying (Beamish &
Potter, 1975). The population of interest for the present study was the landlocked population
and all further mention will refer to this population unless otherwise noted.
The sea lamprey is one of the most notorious aquatic invasive species in the Laurentian
Great Lakes. They are native to the north Atlantic coast of North America and Europe (Hansen
et al., 2016), with a distribution that includes the Mediterranean, Adriatic, and Baltic Seas
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(Maitland, 1980; Holčík, 2004). The species was first observed in Lake Ontario but whether
they are native to Lake Ontario is still debated (Eshenroder, 2014). Their access to the upper
Great Lakes was blocked by Niagara Falls, however, it is believed that access was provided by
the widening and deepening of the Welland Canal in 1829, allowing sea lamprey to move from
Lake Ontario to Lake Erie (Smith & Tibbles, 1980). The sea lamprey established itself in Lake
Erie by 1921, followed by Lakes Huron, Michigan, then Superior by 1945 (Dymond, 1922;
Applegate, 1950; Smith & Tibbles, 1980).
Invasive species like the sea lamprey not only cause massive disruption to aquatic
ecosystems and food chains, but they can also cause tremendous economic damage (Ricciardi
& Rasmussen,1999; Pimentel et al., 2000). In the Great Lakes, the sea lamprey invasion led to
the loss or reduction of culturally significant and economically important game and commercial
fisheries (top predators and lower trophic level species) (Smith & Tibbles, 1980). Top predators
that were targeted included lake trout (Salvelinus namaycush), burbot (Lota lota), walleye
(Sander vitreus), rainbow trout (Oncorhyncus mykiss), and lower trophic level species included
lake whitefish (Coregonus clupeaformis) and suckers (Catostomus spp) (Smith & Tibbles,
1980; Harvey et al., 2008). The consequences of sea lamprey parasitism to apex predators, such
as lake trout and burbot, led to population explosions of other invasive species such as rainbow
smelt (Osmerus mordax) and alewife (Alosa pseudoharengus). Massive alewife die-offs
frequently occurred (Van Oosten, 1947), and coupled with the possibility of unsustainable
fishing (Pycha & King, 1975; Cobble et al., 1990), led to the near collapse of the Great Lakes
commercial and recreational fisheries, crippling the economies of communities that relied on
these fisheries, recreational activities, and hospitality (Miehls et al., 2019).
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1.2 Sea Lamprey Control Program
The sea lamprey invasion and overfishing led to the establishment of the Great Lakes
Fishery Commission (GLFC) in 1955 (GLFC, 1955). A purpose of the GLFC was to create and
execute a program that would decrease the sea lamprey population in the Great Lakes to protect
and restore the Great Lakes fishery (Miehls et al., 2019). The Sea Lamprey Control Program
(SLCP) has since reduced the adult sea lamprey population by 70-90% (Heinrich et al., 2003)
using barriers and selective piscicides called lampricides (Lawrie, 1970; Christie & Goddard,
2003).
The main method of control are lampricides, which are effective against several year
classes of larval sea lamprey in the substrate when applied to rivers. Lampricides used today
include 3-trifluoromethyl-4-nitrophenol (TFM), a sea lamprey-specific piscicide, and
niclosamide, a less specific piscicide (Applegate et al., 1966; Thingvold & Lee, 1981;
Boogaard et al., 2003; Gutreuter & Boodgaard, 2007). Other components of the SLCP are the
use of barrier dams that provide physical boundaries that limit the accessibility to spawning
sites for migrating sea lamprey. Without these barriers, sea lamprey would possibly enter
unwanted upstream areas, resulting in increased use of the lampricides (Miehls et al., 2019,
Hrodey et al., 2021).
For any pest control program to be successful, extensive knowledge on the biology and
behaviour of the target organism must be known, with vulnerabilities being identified
throughout the life cycle. Understanding these key attributes will facilitate the development of
better control methods that will exploit these aspects of the target organism (Meihls et al.,
2019). Most of what is known about sea lamprey biology is a direct result of their invasion into
the Great Lakes and the need for control measures (Hardisty, 2006). The need for control
measures, and establishment of the GLFC, was built on the assumption that juvenile sea
lamprey are killing fishes important to fisheries and the ecosystem (Hume et al., 2021b).
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However, these control measures only target the larval and adult sea lamprey. The life stage
that has received little attention for sea lamprey control is the juvenile stage, the stage that has
been difficult to study but causes the most damage to the Great Lakes fisheries. To implement
measures to control the juvenile sea lamprey, more needs to be known about their basic biology
and how they behave.

1.3 Juvenile Sea Lamprey Biology and Behaviour
The transformation of larval sea lamprey into juveniles entails significant changes to
their respiratory and feeding biology (Youson, 2003). While feeding, larval sea lamprey
simultaneously ventilate their gills when taking in water and food particles into their mouth
and expelling the water through their gill pores. This passage of water is unidirectional and
important to note, as this changes once they transform into juveniles (Randall, 1972). Once
juveniles, feeding would not be possible with this unidirectional and simultaneous movement
of water through the mouth and esophagus. As such, juvenile sea lamprey feeding and
breathing mechanisms are no longer linked but rather the breathing mechanism becomes tidal.
This switch to tidal ventilation allows for the availability of the oral disc to attach onto a host
fish (Rovainen, 1996). During tidal ventilation, water is expelled through the gill pores upon
contraction of the branchial muscles and inhaled by passive recoil of the cartilaginous branchial
basket through the same opening (Figure 1.1) (Randall, 1972; Baghdadwala & Wilson, 2014).
During swimming, the oral disc is folded anteroposterior to reduce resistance (Dawson,
1905). Once a sea lamprey finds a host, its oral disc opens and stretches its lateral margins to
attach onto the fish to form a tight seal (Dawson, 1905; Gradwell, 1972). Suction is applied
through the tongue’s pumping action, while branchial pumping is engaged if the seal leaks
(Gradwell, 1972). During feeding, the velum serves as a valve to prevent food from entering
the water tube (Renaud et al., 2009); however, the mechanisms of suctorial ingestion have yet
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to be described (Gradwell, 1972). The rasping tongue, which has teeth like structures (Lennon,
1955), is used to direct the tongue’s anterior cutting edge into the host fish (Reynolds, 1931).
To direct the tongue’s anterior cutting edge into the host, a rocking motion occurs that results
in the tongue boring a hole into the host’s skin and tissues to initiate feeding (Lennon, 1955).
Once a sea lamprey has attached, it is unlikely to dislodge from the host while feeding (Norman,
1947) and the tongue’s action also functions to passively seal the mouth of the sea lamprey
(Dawson, 1905). Sea lamprey have associated buccal glands to aid in feeding, whose secretions
have hemolytic, cytolytic, and anticoagulant properties (Lennon, 1955). These buccal glands
are large in P. marinus compared to other sea lamprey species, which is thought to be due to
the need for continuous release of a lamphredin, an anticoagulant (Renaud et al., 2009). The
blood will enter the buccal cavity and flow through the esophagus into the intestine (Figure
1.1). Juvenile sea lamprey have velar tentacles that prevent the ingested food from entering
into the water tube from the pharyngeal cavity (Dawson, 1905; Lanzing, 1958, Renaud et al.,
2009). Sea lamprey can consume 3-30% of their wet body mass/day in host fish blood and
muscle tissue (Farmer, 1980). Renaud et al. (2009) found that the gut contents of P. marinus
was highly compacted and homogenous, predominantly consisting of blood.
Farmer et al. (1975) found the amount of blood consumption per day of sea lamprey
feeding on live hosts ranged from 2.9-22.1% of their wet body mass/day with maximal food
consumption rates being 20-30%. They also found that fecal loss was less when compared to
teleosts, indicating that their diet is highly digestible. Food consumption rates of juvenile sea
lamprey are affected by temperature and replicating temperatures found in their natural waters
may be difficult due to fluctuations throughout the growing season. As such, feeding
experiments in the lab typically occur at 12 °C to compromise between temperatures that
promote higher growth rates and temperatures that might lead to higher mortality (Farmer,
1980; Swink, 1993).
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Experiments with
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Cr-labelled erythrocytes showed that juvenile sea lamprey are

efficient at assimilating nutrients after feeding (Farmer et al., 1975). Chromium is an inert
marker used to determine digestibility. Juvenile sea lamprey have also been found to absorb
nutrients such as lipids and proteins from the intestine (Langille and Youson, 1985). Most
animals who live on a sanguivorous diet need to have mechanisms to regulate the amount of
iron absorbed through the gut. When ingested in excess, iron loading within cells increases the
labile iron pool. This iron can participate as a catalyst in the Fenton reaction, producing harmful
reactive oxygen species. In excess, these reactive oxygen species can attack lipid membranes
and start a free radical chain reaction known as lipid peroxidation (Crichton et al., 2002),
inducing cytotoxic effects to the cells. Regulation of excess iron is critical due to its toxicity if
ingested in excess (Jacobs and Worwood, 1980). For example, the vampire bat keeps the iron
levels within the body constant by employing the use of macrophages and exfoliation of ironloaded intestinal epithelial cells (Morton and Janning, 1982). Iron uptake has been reported to
occur in the anterior intestine of the juvenile sea lamprey and absorption at this site may be
restricted due to concentrations within the epithelial cells. After 15 days, 68% of iron was found
in liver, integument, intestine, and kidney-gonad, while 32% was found in the carcass. 75% of
ingested iron is chiefly stored in the liver (2-26%), carcass (14-37%), and integument (4-12%)
(Youson et al., 1988). Ferric iron is present as ferritin throughout the liver, but less so in the
Kupffer cells (Youson et al., 1983).

1.3.1 Sensory Systems of the Juvenile Sea Lamprey
As parasites, the sea lamprey olfactory system has been found to be highly sensitive.
The single olfactory organ is located in a blind ended nostril on top of the head in the sea
lamprey and they are unable to use chemotropotaxis, the simultaneous spatial comparisons of
chemical signals (Johnson et al., 2012). The sea lamprey uses its highly sensitive olfactory
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system to complete its life history events, with females able to follow the pheromone signals
of mature males over large distances and adult sea lamprey able to locate spawning streams
through the bile salts released by conspecific larvae (Sorensen et al., 2005; Vrieze et al., 2011;
Johnson et al., 2012). Kleerekoper and Morgensen (1963) investigated the role of olfaction in
sea lamprey orientation and the perception of odours in the coordination of movement. Their
findings revealed that the response to trout “body odour” (trout water) was innate and did not
require conditioning. After the presentation of the trout water, sea lamprey coordinated their
movement towards the release point of the stimuli, indicating that the olfactory system is highly
involved in the foraging response of sea lamprey. They found that the sea lamprey were
attracted to specific amines, such as histamine, methylamine, ethylamine, dimethylamine and
secondary butylamine, isolated from the trout water.
As mentioned previously, larval sea lamprey have poorly developed eyes while juvenile
sea lamprey are characterized by their prominent eyes and have good visual acuity
(Govardovskii et al., 2020). For instance, sea lamprey rods and cones closely resemble those
of other vertebrates, such as mice and amphibians, and sea lamprey rods detect single photons
with similar sensitivity to mice (Morshedian & Fain, 2015; 2017). Furthermore, Binder and
McDonald (2007) showed that vision does not play a role during adult sea lamprey spawning
migration. They also concluded that vision had no effect on diel activity and refuge-seeking
behaviour. Binder and McDonald note that the role of the visual system was not quantified
during nest construction and spawning behaviour in their study and may be related to these
activities as they primarily take place during the day. It has been found that the sea lamprey
visual system changes from a simple circuit for negative phototaxis to one that is wellorganized for visual decision-making. This visual system is well integrated with the motor
system, allowing for orienting or avoidance movements upon detection of a visual object
(Suzuki and Grillner, 2018). Despite the juvenile sea lamprey’s good visual acuity and well-

7

developed olfactory system, the current knowledge of juvenile sea lamprey biology is limited
(Hume, 2021b; Quintella, 2021), and the mechanisms of orientation and attachment to host
fishes has not been determined (Hume et al., 2021a). Whether vision works in concert with the
olfactory system during foraging and prey selection will require further research to understand
its importance in sea lamprey behaviour.

1.4 Juvenile Sea Lamprey Use in the Laboratory
The collection and holding of juvenile sea lampreys within the laboratory is
problematic. The latter is further complicated by the logistical and ethical concerns relate to
feeding them on live host fishes. As a result, relatively little research has been conducted on
the physiology, feeding biology, and behaviour of the juvenile sea lamprey since Farmer
(1980). In fact, more effort has been exerted on determining the impact of the parasitism of the
sea lamprey on host fishes (Goetz et al., 2016).
Using newly transformed juvenile sea lamprey that have been reared in the lab since
the larval stage is not efficient as the larval stage lasts several years and a sufficient number of
juvenile sea lamprey may not be reared. Collection of a sufficient number of juvenile sea
lampreys has recently become less predictable due to the enhanced control effort by the SLCP
and reductions in the number of host fish that are being inspected for sea lamprey by
commercial fishers (Johnson et al., 2015; Jones et al., 2015, Hume et al., 2021b). Procuring
sea lamprey from fishers can be costly, with a bounty of $20 per sea lamprey to commercial
fishers paid by the GLFC, in addition to costs associated with retrieving the sea lamprey by
staff. Holding and feeding of sea lamprey poses additional costs onto the researchers due to the
need to procure host fishes, which can be further complicated by strict guidelines enforced by
animal care and use regulations. For instance, at Wilfrid Laurier University, to feed juvenile
sea lamprey, the sea lamprey cannot exceed 10% of the host fish’s body mass. This can result
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in very large fish needing to be purchased and held within the laboratory. Furthermore, when
using very large fish as hosts, the hosts may injure or kill the juvenile sea lamprey if they are
small enough to fit in the mouths of the hosts. A substitute method to feeding juvenile sea
lamprey would allow researchers to overcome such obstacles. With this background, the
overarching goal of my M.Sc. is to determine whether an artificial feeding system can replicate
growth and conditions of feeding for juvenile sea lamprey as a replacement for live host fish
within the laboratory setting.

1.5 Proof of Concept and Application
An artificial feeding system proof of concept was already designed and tested by J.M.
Wilson in collaboration with Institute of Science and Innovation in Mechanical and Industrial
Engineering (INEGI), Faculty of Engineering at the University of Porto (Portugal), hereafter
known as the Porto feeder. The apparatus comprises of two parts: a feeding plate and a food
reservoir. Once the sea lamprey attaches onto the feeding plate of the feeder, its oral disc applies
the negative pressure required to open the micro-valves that rest in the feeding plate. Once
these valves are open, the liquid meal that is held in the food reservoir is administered to the
sea lamprey (Figure 1.2). The feeder operates as a demand feeder, therefore minimizing the
fouling of the water which can be problematic with a liquid food source. The initial testing of
this feeder, done in August 2017 by J.M Wilson and the GLFC, a sea lamprey that was
manually attached to the feeder increased its mass from 12.8 g to 13.7 g during the feeding
session (<24h). This sea lamprey had already past first feeding as it was taken off a host fish
in Lake Huron, meaning it was already conditioned to feed. Whether this mass increase during
the feeding session was an increase in growth was not explored and additional experimentation
did not occur due to the juvenile sea lamprey being needed for other GLFC-funded research.
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An additional feeder was designed to mimic a host fish for the present study proof of
concept testing. This feeder type was a hollow silicone fish that could be filled with a liquid
meal and perforated. The perforations were self-sealing to avoid water fouling. Finally, the
liquid meal chosen for the present study should keep in mind current animal care regulations
and best practices. The liquid meal used in the proof of concept was white sucker blood.
However, obtaining a sufficient volume of white sucker blood to fill several feeders for the
required testing was logistically unfeasible due to insufficient yield. Using white sucker blood
would require capturing and sacrificing a significant number of white suckers which would be
wasteful if there was not another purpose for the rest of the animal. Porcine blood was proposed
as the alternative to fish blood for this project, as it can be bought locally from butchers from
freshly slaughtered animals direct from the abattoir in large quantities necessary for testing.
The present study proposes to perform a battery of feeding tests with both feeder types and
porcine blood as the liquid meal to improve the proof of concept for an artificial feeding system
for juvenile sea lamprey in the laboratory.

Objective 1: Design an effective artificial feeder that replicates natural feeding in lamprey and
replaces the need for live hosts within the laboratory. Efficacy in this project was defined as
the sea lamprey being able to consistently locate, volitionally attach, and feed from the device.
Objective 2: Determine whether a fish-related meal type or olfactory cue would increase
consistent location to the devices.
Objective 3: Determine if porcine blood is a suitable replacement as a liquid meal.
lamprey.
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Figure 1.1. Medial section diagram of the head region of a juvenile sea lamprey. Adapted
and modified from Randall (1972). Abbreviations: bc: buccal cavity; cr: cartilaginous ring; e:
esophagus; eb: external branchiopore; gp: gill pouch; ib: internal branchiopore; nt: nasal tube;
v: velum; vj: velar jaws; wt: water tube.
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Figure 1.2. Proof of concept for artificial feeder. The design for the artificial feeder was
developed by engineers at the University of Porto, Portugal. The lamprey is held in a tube
that allows for access to the feeding surface. Once a lamprey attaches onto the feeding
surface, the negative pressure applied from its oral disc opens the micro-valves inside the
feeding plate. The liquid meal can then be delivered from the food reservoir to the lamprey.
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2. Methods
2.1. Objective 1: Design and Efficacy of Artificial Feeding System
2.1.1. General Housekeeping: Lamprey Procurement, Care, and Use
Newly metamorphosed and juvenile sea lamprey were obtained throughout the project
from the GLFC lamprey procurement program at the Hammond Bay Biological Station
(Millersburg, MI). The animals used for the project ranged from 2-155 g. Animals were held
in accordance with all animal care protocols (AUP #R19002) at Wilfrid Laurier University’s
Animal Care Facility in either a round 500 L or 26 L (18 x 12 x 8 inches, LxWxH) tanks. Water
flow into the tanks was 2 L min-1 with aerated recirculating well or dechlorinated tap water at
13 ± 1 °C with temperature control. Animals were monitored daily for feeding, water
temperature, water dissolved oxygen saturation, and mortalities. When possible, animals were
recycled, and euthanasia was limited. Lamprey were either tagged with a passive integrated
transponder (PIT) or fin-clipped for identification. Lamprey were implanted with a mini HPT8
(8 mm) PIT tag that could be read with an FS2001 PIT tag reader (Biomark Boise ID,
Kenilworth, NJ, USA) for fish tracking during the experiments. To PIT tag, animals were
anaesthetized with buffered MS222 with a 100-200 mg L-1 dose and allowed to recover in clean
dechlorinated tap water. Animals were monitored for 24h following tagging. Where PITtagging was not possible, up to all three fins (dorsal and caudal) may have been clipped using
an alphabetical system (Figure 2.1). Fin clipping has previously been performed on larval sea
lamprey (see Schoonoord and Maitland, 1983) with regeneration of the fins noted to be slow.
Fin clipping was performed using either a scale clipper, for one clipping per fin, or dissection
scissors if multiple clippings were needed per fin.
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2.1.2. Design and Production of Artificial Feeding System
The artificial feeding systems (AFS) were design and manufactured in the Science Maker
Lab at Wilfrid Laurier University. All components for the feeding systems were designed using
SolidWorks©, a computer aided design (CAD) software. Two types of feeders were produced
and tested: the Porto feeder and silicone fish.

2.1.3. Porto Feeder
The first design for an AFS was a feeder that could deliver a liquid meal upon
attachment and reduce fouling of the water by the liquid meal. The Porto feeder was replicated
from designs provided by J.M. Wilson made in collaboration with the INEB (Instituto Nacional
de Engenharia Biomédica, Faculty of Engineering, University of Porto, Portugal). All acrylic
parts of the Porto feeder were laser cut (Jinan Transon TS 6090, 90 W Laser Cutter, Jinan
Transon CNC Equipment Co Ltd, Jinan, China). The Porto feeder consists of two main
components for (1) food reservoir mounting and (2) lamprey feeding attachment surface, which
together consists of six acrylic pieces (Figure 2.2). The first half, the food reservoir mounting
component, was made up of four, 3 mm black acrylic pieces glued together using
dichloromethane. The first and third piece had a 40 mm diameter hole, while the second piece
had a 43 mm diameter hole to fit the O-ring. The fourth piece had either one or four small holes
to fit the microvalves. One or four umbrella-type silicone microvalves (Minivalve Inc,
Cleveland, OH, USA) were inserted into the reservoir attachment piece, depending on the
model. The lamprey feeding attachment surface component was made up of two, 6 mm acrylic
pieces that were glued together. The first piece has four valve chambers for the liquid meal and
the second piece has four feeding ports that deliver the liquid meal to the attached juvenile sea
lamprey (Figure 2.3A). The food reservoir mounting component and lamprey feeding
attachment surface component were bolted together with a paraffin gasket in between to ensure
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a tight seal. A 40 mm O-ring was inserted into the reservoir attachment part, wherein a 40 mm
diameter acrylic tube with a non-lubricated latex condom (Lifestyles ®, Iselin, NJ, USA)
functioned as a reservoir. The non-lubricated latex condom was filled with blood as far up to
the brim as possible. This was done to ensure there was as little air as possible in the food
reservoir. The food reservoir was then inserted into the food reservoir mounting component.
The system was checked for leaks at the insertion site. If leaks were found, the food reservoir
would be removed, and refilling would be attempted. Upon attachment by the juvenile sea
lamprey, the negative pressure applied from the oral sucking disc opened the microvalves that
allowed for the liquid meal to flow into the valve chambers. The liquid meal was then be
delivered through the feeding ports into the oral sucker of the juvenile sea lamprey (Figure
2.3)

2.1.4. Silicone Fish
To determine if the AFS needed to resemble a natural prey, a sealed hollow silicone
fish was designed as an AFS. The silicone fish was made by designing a two-part, 3D printed
(ANYPRINT, China ) mold (Figure 2.4A). This mold was then sanded until smooth and coated
with carnauba wax (VWR, Radnor, PA, USA). Two versions of this mold were created, one
that held approximately 300 mL of liquid (large silicone fish) and one that held approximately
30 mL of liquid (small silicone fish). Mold Star™ 19T silicone was used (Smooth-On,
Macungie, PA, USA) to create the small and large silicone fish. 14 g of silicone was used to
create the small silicone fish and 50 g of silicone was used to create the large silicone fish
(Figure 2.4B,C). The appropriate amount of silicone was painted onto each side of the mold,
after which, the two halves of the mold were clamped together and slowly rotated by hand until
the silicone cured (approximately 15 mins). Once cured, the silicone fish (Figure 2.4) was
peeled off, with any holes or tears in the silicone fish repaired immediately using a small
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amount of silicone. The liquid meal was then injected using either an 18G or 16G needle for
the small and large silicone fish, respectively. Silicone fish were placed on ice prior to
immediate use if porcine blood was used as the liquid meal. Upon placing the feeder(s) into
the experimental tanks, either an 18G or 16G needle was used to perforate the surface of the
fish, with up to 30 perforations on each side of the silicone fish. These perforations were
necessary as it was assumed that the juvenile sea lamprey would not be able to puncture the
silicone. The perforations allowed for the juvenile sea lamprey to withdraw the blood upon
attachment but upon detachment, the perforations were able to self-seal, reducing leakage of
the liquid meal into the experimental set up.

2.1.5. Liquid Meal
The liquid meal used for experiments was porcine blood obtained from freshly
slaughtered animals at an abattoir. Fish blood was difficult to acquire in large enough
quantities. The porcine blood was either heparinized immediately with 20 active units of
heparin mL-1 porcine blood and blended using a Magic Bullet© (Nutribullet, Los Angeles, CA,
USA) prior to aliquoting (600 mL) in zipper poly bags or aliquoted into zipper poly bags with
no heparain. All aliquots were stored in the freezer at -20 °C. Blood was used until last use.
Prior to use, bags of porcine blood would be thawed and heparinized if necessary. Aliquots
were always blended again prior to use.

2.1.6. Preliminary Testing of AFS
To complete the first objective, preliminary testing of the feeders was conducted.
Efficacy based on the juvenile sea lamprey’s ability to locate and volitionally attach to the AFS,
and the ability of an attached lamprey to feed with active feeding indicated by the presence of
feces. Both of these conditions needed to be met for the AFS to be deemed effective. To

16

determine volitional attachment, feeders were initially placed into a large 450 L tank with 3
lamprey. The lamprey were then allowed to investigate the feeders for a period of time. This
period ranged from 2-48 hours. Fish attractants, such as Walleye Scent (Baitmait, Jackson, WI)
or Jigging Gel (Fat Cow Fishing, Ship Bottom, NJ), were also tested to stimulate attachment.
Attractants were coated onto the feeding plate of the Porto feeder and the surface of the silicone
fish. It should be noted that the first deployment of the large silicone fish had three silicone
fish, one with no bait attractant, one with Jigging Gel, and one with Walleye Scent, in one tank
with three juvenile sea lamprey. Upon recognition that a smooth surface was required for
proper attachment by a juvenile sea lamprey, the silicone fish mold was modified for further
testing by sanding of the internal surface of the two sided mold.
To determine the Porto feeder’s ability to deliver a liquid meal to an attached lamprey,
lamprey were anaesthetized using a buffered 200 mg L-1 dose of tricaine methanesulfonate
(MS222; Syndel, Nanaimo, BC) and manually attached onto the feeding plate. Delivery of the
liquid meal was defined when the reservoir was observed to be emptying while a lamprey was
attached. The silicone fish proved to be challenging when determining whether it could deliver
a liquid meal. Administration of the liquid meal for the silicone fish was defined when feces
was present post-attachment. The definition for having actively fed while using either feeder
was based on the observation of feces excretion post-attachment and did not depend on
detachment from the device.
Attachment success with the AFS should mimic those found in juvenile sea lamprey
when presented with live host fish. As such, trials of varying length were conducted with
juvenile sea lamprey in a large 500 L tank with one to three rainbow trout (Oncorhynchus
mykiss, Alma Aquaculture Research Facility, Guelph, ON) to feed on. Fish were monitored
three times per day in accordance with animal care guidelines. Any parasitism was recorded
and fish that exhibited signs of distress, such as through buoyancy issues or lack of eating, were
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removed from the tank and allowed to recover or euthanized. The end of a trial for the
preliminary testing with feeders and live host fish was considered finished when there was a
turnover of feeders, in either number of feeders or in replacement for one with a fresh meal, or
live fish.

2.2. Objective 2: Is a Fish-Related Cue a Necessary Addition to the AFS?
2.2.1. Meal Types and Set Up
To determine if a fish-related olfactory cue was necessary or could improve attachment
rates of the silicone fish, four meal types were used in these sets of experiments: porcine blood
(prepared as previously described in section 2.1.5. Liquid Meal), fish muscle extract, a 50/50
(v/v) ratio of porcine blood and fish muscle extract (PB/FM), and a control made up of MilliQ H2O and red or purple food colouring. To prepare the fish muscle extract, 50 g of basa
(Pangasius bocourti) fillet in 200 mL of Milliq H2O was homogenized using a Magic Bullet©
(Nutribullet, Los Angeles, CA, USA). The slurry was then filtered through a stainless-steel
sieve coffee maker and the resulting liquid separated. Any excess fish muscle extract was stored
in the freezer at -20 °C. To make the PB/FM meal, the two ingredients were prepared
individually as mentioned and blended to produce a homogeneous mixture. The silicone fish
were then filled and perforated as described in section 2.1.4. Silicone Fish.
Four individual, flow-through tanks (10.5 x 19 x 6.125 inches) were set up in a 680 L
trough (96 x 36 x 12 inches) that acted as a water bath to maintain the temperature of the system
(13 ± 1 °C). Temperature was maintained using a chiller that recirculated the water in the
fiberglass trough (Pentair, Apopka, FL). The tanks were supplied with aerated, dechlorinated
tap water from a single head tank and overflowed out into each tank. The tanks were held at 13
± 1 °C. A single silicone fish was suspended in each tank. Each tank had a single lamprey. The
duration of exposure to each meal was 48 hours. Each trial was recorded with an overhead
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camera. Whether attachment occurred, time to attachment, and duration of attachment were
recorded.

2.2.2. Decision-Making Maze Task
Additional testing to determine whether the feeders could be optimized was performed
using a decision-making maze task, the results of which were hoped to improve the attachment
rates of the feeders through the addition of a chemosensory stimulus to the liquid meal. A
decision-making maze task, hereafter called a Y-maze, was built from three pieces of clear 5
cm acrylic pipe with one piece forming the base and two pieces forming the arms (Figure
2.5A). The three pieces were joined together with a PVC wye manifold and each arm had an
endcap attached, from which the water flowed into the maze. The ends of the arms were packed
with 10 cm plastic drinking straws to ensure laminar flow. Each arm was connected to its own
20 L aerated head tank, filled with dechlorinated tap water, and a valve to control the flow rate
of incoming water. Waterflow through the maze was unidirectional (Figure 2.5B). Lamprey
were put into the Y-maze at its base which was then capped with a screen to prevent escape
but allow the free flow of water out of the maze. An additional removeable gate was inserted
near the entrance to the wye manifold to keep the lamprey in the base tube until the start of the
experiment (Figure 2.5C).

2.2.3. Experimental Set Up and Stimuli
The Y-maze was submerged in a 680 L trough that acted as a water bath to maintain
the temperature of the system (13 ± 1 °C). Temperature was maintained using a chiller that
recirculated the water in the fiberglass trough (Pentair, Apopka, FL). The flow rate of the
incoming water into the maze was at approximately 100 mL min-1. The stimulus was added to
the appropriate head tank prior to the start of the trial. Waterproof LED strip lights were placed
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on a submersible frame around the maze and set to red. Black plastic curtains were hung around
the trough to minimize any disturbance to the animals while the experiment ran. Once the
animals were allowed to enter the arms, a light was placed over the base of Y-maze to
discourage animals from entering or resting in the base. Each trial ran one individual at a time
with earlier trials lasting 1-hour and did not have a habituation period. Later trials lasted 30mins total, of which, 10-mins were a habituation period, and the lamprey were unable to enter
the rest of the maze. Trials were recorded in black and white with an overhead camera (IDS
Imaging Developmental Systems, Stoneham, MA, USA).
Several stimuli were used in these trials with the control being dechlorinated tap water.
Holding water from a rainbow trout-inhabiting tank (TW) was used as a positive control
stimulus. 10-15 rainbow trout (Oncorhynchus mykiss, Alma Aquaculture Research Facility,
Guelph, ON) were housed in a 500 L tank with semi-recirculating dechlorinated tap water (2L
min-1 flow rate). Bile (BS) was collected directly from the gallbladder of sacrificed rainbow
trout (Oncorhynchus mykiss; Alma Aquaculture Research Station, Guelph, ON). Rainbow trout
were euthanized with an overdose of MS222. The bile were either used at their extracted
concentration (neat bile) or serial diluted to concentrations of 10-1 or 10-6. To test for avoidance,
skin (Skin) from a deceased lamprey was removed, ground using a pestle and mortar, and
prepared in 50/50 (w/w) extraction solvent of ethyl alcohol and Milli-Q H2O (see Bals and
Wagner, 2012). The extraction solvent (EtOH) was tested as a sham control so that any effects
observed from the skin stimulus were not a result of the extraction solvent.

2.2.4. Tracking of Animals
Animals were tracked using an automated tracker written in Python by Dr. Noam Miller
of the Psychology Department at Wilfrid Laurier University. The script was used in allowed
the user to define regions of interest, where the animal would be tracked. The two arms were
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defined as the regions of interest, any time spent outside those regions were not tracked (for
example, in the base of the Y-maze). The data was cleaned up post-tracking in Mathematica
(V.12, Wolfram Research) and preference scores were calculated.
𝑃𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑆𝑐𝑜𝑟𝑒 = 𝑇𝑖𝑚𝑒

𝑇𝑖𝑚𝑒(𝑠𝑡𝑖𝑚𝑢𝑙𝑢𝑠 𝑎𝑟𝑚)
(𝑠𝑡𝑖𝑚𝑢𝑙𝑢𝑠 𝑎𝑟𝑚) + 𝑇𝑖𝑚𝑒(𝑛𝑜𝑛-𝑠𝑡𝑖𝑚𝑢𝑙𝑢𝑠 𝑎𝑟𝑚)

(3)

Preference scores closer to 0 indicate that most of the lamprey’s time was spent in the
non-stimulus arm, whereas preference scores closer to 1 indicate the lamprey spent most of its
time in the stimulus arm. A preference score closer to 0.5 shows that the lamprey spent equal
amounts of time in both arms. Data from trials where an individual did not leave the base of
the Y-maze were discarded and not used in the analysis.

2.3. Objective 3: Is Porcine Blood a Suitable Liquid Meal Replacement?
2.3.1. Determining Effects of Ration Size on Growth
The first manual feeding experiment employed the Porto feeders to determine the effect
of ration size on growth in P. marinus, with the latter defined as a gain in wet body mass. For
this experiment, five Porto feeders were fixed to the side of a 450 L tank containing five
juvenile lamprey. Porto feeders were prepared as previously described (see section 2.1.3. Porto
Feeder) with a ration size of either 100 mL (Large Ration) or 25 mL (Small Ration) of porcine
blood in the reservoir. Three lamprey were fed a small ration while two lamprey were fed a
large ration. Each feeding trial lasted two days. Lamprey were anaesthetized in a buffered 200
mg L-1 MS222 solution and manually attached to the feeding plates of their assigned Porto
feeders. Manual attachment resulted in sea lamprey suctioning to the feeding plate. The
negative pressure from attachment to the feeding plate would open the silicone umbrella type
microvalves and delivery of the liquid meal into the oral disk would commence. Lamprey were
weighed before the experiment, at the start of each day, and at the end of the experiment.
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Change in wet body mass per day was calculated for each animal at the end of the experiment
and the average across the two days was used for analyses.
∆ 𝑀𝑎𝑠𝑠 (𝑔)

% 𝑊𝑒𝑡 𝐵𝑜𝑑𝑦 𝑀𝑎𝑠𝑠 𝐺𝑎𝑖𝑛𝑒𝑑 = (𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑀𝑎𝑠𝑠 (𝑔)) ∗ 100%

(1)

2.3.2. Presence of Iron Deposition and Gut Content Analyses in Fed Lamprey
Five lamprey were used in a second manual feeding experiment to determine the effects
of porcine blood as a replacement meal. This feeding trial lasted three days. Each lamprey was
assigned a Porto feeder and fed a ration size of 20% their wet body mass. Prior to attachment
and at the end of the experiment, each lamprey’s wet body mass was measured and recorded.
The meal was adjusted accordingly, based on their wet body mass of the day. Individuals were
anaesthetized prior to attachment, following previously mentioned protocols (see section 2.1.3.
Porto Feeder). Excretion of any of the liquid meal as feces by the lamprey was recorded. Those
that did not feed on all three days were referred to as unfed animals, and all animals that fed
for some or all of the three days were referred to as fed animals.
At the end of the feeding trial, all animals were euthanized, and their intestines and
livers excised. Intestines were blotted dry and weighed prior to and after removal of gut
contents. Gut contents were flushed out of the intestine using a 0.9% saline solution and
collected in 15 mL centrifuge tubes. Gut contents were then placed in the freezer at -20 °C.
Livers and intestines were fixed in 10% neutral buffered formalin (Richard-Allen Scientific,
Thermofisher) for 24-hours and then stored in 70% ethanol.

2.3.3. Measurement of body mass gain
The percent of body mass (g) gained at the end of the feeding trial was calculated as a
function of the change in mass and the initial mass (2). Additionally, the percent of body mass
change at the end of the experiment was also calculated as a function of the gut content mass
and the wet body mass:
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𝐺𝑢𝑡 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 𝑀𝑎𝑠𝑠 (𝑔)

∆ 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑜𝑓 𝐵𝑜𝑑𝑦 𝑀𝑎𝑠𝑠 = (𝐹𝑖𝑛𝑎𝑙 𝑀𝑎𝑠𝑠 (𝑔)−𝐺𝑢𝑡 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 𝑀𝑎𝑠𝑠 (𝑔) ) ∗ 100%

(3)

2.3.4. Gut Content Analysis
Total protein concentration of the gut content samples was measured using the
Bicinchoninic Assay (BCA Assay; G Biosciences, St. Louis, MO). A Bovine Serum Albumin
(BSA) standard was used and samples were prepared in a 96-well plate following the microwell protocol (see Appendix) and read in a spectrophotometer at 563 nm (SpectraMax340
Molecular Devices, San Jose, CA). If samples were found to be out of the range of the standard
curve, samples were diluted 10- and 100-fold to be measured again.
Hemoglobin concentrations within the gut content samples were measured using
Drabkin’s Reagent (Sigma-Aldrich, Oakville, ON). One vial of Drabkin’s Reagent was diluted
into 1 L of Milli-Q H2O to make Drabkin’s solution and stored at room temperature in a dark
bottle. A cyanmethemoglobin standard solution was prepared with hemoglobin from bovine
blood (Sigma Aldrich) in Drabkin’s solution. Gut content samples and a 10-fold dilution of
porcine blood were prepared in Drabkin’s solution. One mL of each working standard and
sample was read in a spectrophotometer at 540 nm in cuvettes.

2.3.5. Histological Staining - Iron
The liver and anterior and posterior intestine were taken to determine iron deposition
in lamprey that fed to different degrees. After fixation and dehydration, the pieces from the
liver and intestine were processed in a Citadel 1000 tissue processing machine (Thermo
Scientific, Waltham, MA, USA) and embedded in paraffin using a HistoStat embedding station
(REICHERT Jung 8044 Histostat Tissue Embedding Center). Each block was sectioned to 5
µm in thickness with a rotary microtome (RM2125, Leica Biosystems). Liver sections were
stained with Prussian Blue and the intestinal sections were stained with Prussian Blue and
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Nuclear Fast Red (see Appendix). Slides were viewed and photographed with brightfield
microscopy using a photomicroscope (DM5500 with DMC6200 colour camera, Leica
Biosystems). SigmaScan Pro® (version 5) (Systat, Palo Alto CA) image analysis software was
used to analyze and compare the relative intensity of the Prussian Blue stain in the liver sections
only. All images of the livers from the five animals of this experiment were measured for the
blue intensity in arbitrary intensity units using the software. Each animal had 11-12 liver
images analyzed. Each image was scanned once with the entire image used as the whole area
for the field of view and the calculated averages for each individual were used for the
comparisons.

2.4. Statistics
Statistical analyses were completed in the open-source program JASP (v.0.14.1, JASP
Team, 2020) and Bayesian statistical methods were used in all tests. Bayesian statistics use a
Bayes Factor (BF), which is a likelihood ratio that compares two models to each other.
Therefore, a BF of 10 for a model indicates that the data is 10 times more likely to be explained
by the model compared to the null. If the BF is 0.1, then this indicates that the data is 10 times
more likely to be explained by the null model. To determine the effect of the meal types in the
meal preferences experiments, a Bayesian multinomial test was performed and the BF reported.
To compare all the preference scores of the Y-maze trials, a one-way Bayesian ANOVA was
used (see Wagenmakers et al., 2018). This ANOVA had condition as a fixed factor. The BF
for each model compared to the null was reported after the analyses. Post-hoc pairwise tests
were conducted after the ANOVA and the posterior odds for each comparison were used for
analysis as the BFs were uncorrected. Using methods from Westfall (1997), the pairwise posthoc tests were corrected to control for multiple comparisons. Furthermore, a Bayesian linear
regression was performed on the preference scores of the bile salts data with concentration as
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a covariate; the BF, regression coefficient (mean), and the 95% credible interval were reported.
Any repeated measures data from the control and bile salts condition were put through a
repeated measures Bayesian ANOVA. Subsequent post-hoc pairwise tests were also
completed, and posterior odds reported. The percent of wet body mass gained per day from the
first manual feeding experiment underwent a Bayesian independent variables one tailed
Student’s T-test, where the alternate hypothesis was that the big ration group would have
gained more mass than the small ration group. The BF, mean, SEM, and 95% credible interval
were reported. To determine if there were any correlations between the different variables of
the second manual feeding experiment, a Bayesian Pearson correlation was performed. The
Pearson’s r and BF were reported for each comparison. Finally, all reported results were
qualified using the adjectives suggested from Jeffreys’ The Theory of Probability (1961) (see
SI Table 1).
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Figure 2.1. Fin clipping diagram. A) Drawing of a sea lamprey with the fins labelled A-D.
Each fin could be clipped up to two times. The red dashed line indicates the hypothetical
bifurcation of the caudal fin. Clipped fins are indicated by notches and horizontal clippings
(outlined in red). Horizontal clipping of fins indicated the letter assigned to that fin proceeds
after the letter assigned to the notched fin. B) Example of lamprey identified as AB. C)
Example of lamprey identified as BA.
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Figure 2.2. Porto feeder design and final product. A) Schematics for the assembly of the
feeding plate. (i) The first four plates make up the reservoir attachment component. (ii) The
last two plates make up the oral attachment component. B) A head-on view of the feeding
plate. Star indicates one of the four microvalves. C) A lateral view of the Porto feeder. The
arrowhead indicates the food reservoir. (i). Food reservoir can be seen fitting flush against the
O-ring to make a tight seal.
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Figure 2.3. Porto feeder filled with porcine blood and action of microvalve for blood
delivery. A) The image shows the Porto feeder when valve is in the closed position. A nonlubricated latex condom holds porcine blood within the food reservoir. The blood is not able
to enter the valve chamber through the reservoir-chamber junction (dotted grey lines next to
valve). B) Upon attachment of a juvenile sea lamprey, negative pressure is applied from the
oral sucking disc of the juvenile sea lamprey. This negative pressure opens the umbrella-type
minivalve and allows the blood to enter and fill the valve chamber through the reservoirchamber junctions. The blood is then delivered through the feeding port. The red arrows
indicate direction of blood flow from the food reservoir into the valve chamber.
Abbreviations: FR: food reservoir; V: microvalve; VC: valve chamber; FP: feeding port.
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Figure 2.4. Silicone fish mold and the two sizes of silicone fish. A) The two halves of the
mold to make the large silicone fish. B) The hollow large silicone fish. C) The hollow small
silicone fish. The arrowhead indicates that the site of injection of the liquid meal for both
variations occurred in the tail of the silicone fish.
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Figure 2.5. Two-choice maze. Blue arrows indicate direction of water flow; A) Figure of Ymaze. The two 60 cm arms and 30 cm base were separated by a wye manifold. The yellow
gate was inserted at the top of the base to prevent access into either the arms or the base
during trials. Plastic straws were used to create laminar flow (black portion at the top of the
arms). Water flow was unidirectional towards the base of the maze. Each arm had its own
separate water source. B) Schematic of the end cap and direction of water. A baffle plate
(star) was glued to the inside of the end cap to ensure even distribution of the water which
then flowed through as laminar flow. C) An image of the gate and its insertion point at the
base. The gate had holes that allowed for water to pass through but not the juvenile sea
lamprey.
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3. Results
3.1. Preliminary Testing of Artificial Feeding Systems
In the first testing trial of the Porto feeder-type, two feeders were attached to the side
of the tank for 48 hours with two large lamprey. One Porto feeder had a small amount of
rainbow trout (O. mykiss) blood and the other had porcine blood. In a second preliminary
testing trial of the Porto feeder, two feeders were placed in a tank for 48 hours with two large
lamprey. These feeders were both filled with porcine blood and Walleye scented bait attractant
was applied to the oral attachment surface of one feeder. Jigging gel was not used as it was
difficult to apply to the oral attachment surface. Volitional attachment of a lamprey to the Porto
feeders proved to be difficult. Although the lamprey were seen to approach the Porto feeders,
it was not possible to determine whether these were attempts to attach or explore the feeders.
In any case, volitional attachment did not occur with the Porto feeders during our trials (Table
3.1). Due to the lack of volitional attachment, it was necessary to anaesthetize the sea lamprey
to manually attach them to the surface of the feeders. The Porto feeders were found to be
capable of delivering a liquid meal to a manually attached lamprey (Figure 3.1). Lamprey were
seen to be actively feeding when attached, as was evident from the non-invasive observation
of the excretion of feces post-feeding. Volitional attachment was not observed when
commercial fish attractants were applied to the surface of the Porto feeders.
The silicone fish proved to be a better feeder in the context of volitional attachment.
The first deployment of the large silicone fish saw an attempt at volitional attachment to all
three silicone fish by a single large juvenile sea lamprey (Figure 3.2A). The lamprey was not
able to attach because the surface was not smooth enough to form a tight seal. Volitional
attachment occurred with both the large-sized and the small-sized silicone fish versions
(Figure 3.2B and 3.3). Volitional attachment to the large sized silicone fish filled with porcine
blood occurred seven out of 19 trials. These trials ranged from 2-17 days in duration (Table
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3.1). In all seven trials, attachment by at least one juvenile sea lamprey occurred, with
attachment by two juvenile sea lamprey to either the same or different silicone fish occurring
five times (see Figure 3.2 as an example). Juvenile sea lamprey fed from live hosts six out of
eight trials in the laboratory. These trials lasted anywhere between 3-13 days. When comparing
all feeding trials with the silicone fish, including the testing for meal preferences, the juvenile
sea lamprey had a 40% attachment rate with the silicone fish filled with porcine blood
compared to the 75% attachment rate when presented with a live host fish.
Furthermore, volitional attachment was observed in both newly metamorphosed and
older juvenile sea lamprey. The lamprey were able to feed from the silicone fish’s perforations
and active feeding was observed in some of the lamprey that were attached. This was confirmed
through the excretion of feces by the attached lamprey (Figure 3.2A, arrowhead). However,
there were some instances where a lamprey would be attached and not excrete feces (Figure
3.2B). This occurred both in the absence of and after a period of active feeding. Lamprey were
able to detach on their own and would remain attach from anywhere between a couple hours
to several days.

3.2. Meal Preferences
Eleven animals were used to test preference of meal type in the silicone fish (Table
3.2). Results from these experiments found that the lamprey preferred the porcine blood alone
when used in the silicone fish than the other meal types. The overall successful attachment rate
was 50% with the porcine blood only group but not 50% in every trial. In one trial, two lamprey
were seen to attach to the silicone fish at the same time (Figure 3.3A). In another trial, one
specific individual not only attached to the silicone fish but was able to puncture a hole in
another area of the silicone fish that was without perforations and feed from this puncture
(Figure 3.3B). The fish muscle homogenate group and 50/50 mix of fish muscle and porcine
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blood all resulted in 0% success in attachment, the same attachment success of the control
group. It was expected that the control would result in 0% attachment as there was no foodrelated olfactory cue. The results suggest that the use of porcine blood alone may result in more
attachments compared to the fish-related meal types. However, the results of the multinomial
test of the meal types suggest that there was no evidence that porcine blood was any worse than
the other meal types (BF = 0.781).

3.3. AFS Optimization – Decision-Making Maze Tasks
The Y-maze was easy to build and use. Lamprey ranging from approximately 2.5 – 35.0
g were able to move throughout the maze and turn around with ease. Tracking of the animals
was found to be quite user-friendly. Since the tracking was automated, the length of time ranged
from anywhere between a couple minutes to an hour for each video. This was due to the length
of the video and the number of frames per second. It was found that it was not necessary for
the camera trigger to capture continuously. Rather, when the trigger of the camera was set to
capture every 4s, the speed with which the program could analyze each video became much
faster. The distribution of preference scores for all the stimuli can be seen in Figure 3.4.
Overall, there was substantial evidence that there was no difference in preference scores
between the stimulus conditions (condition model BF = 0.191).
Individuals that were run through control water were found to have an even distribution
across both arms of the Y-maze (preference scores ranging from 0.05-0.99). This indicates that
the preference for either arm varied by trial but that both arms were favoured equally across all
trials. Water from a tank holding rainbow trout was used as a positive control stimulus for the
Y-maze. The preference scores for the trout water were 0, 0.14, 0.64, and 1. These scores show
that one lamprey spent the entirety of its time in the arm with trout water (pref. score = 1) while
another lamprey completely avoided the arm with trout water (pref. score = 0). The other two
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lamprey showed either a slight preference for the trout water (pref. score = 0.64) or an almost
complete aversion to the trout water (pref. score = 0.14). Results from the post-hoc pairwise
tests found that there was substantial evidence of no difference between the preference scores
of the trout water and control water groups (posterior odds = 0.148).
Initial testing of bile as a positive olfactory stimulus showed no preference for the bile
when compared to the control. After it was found that this concentration of bile may not have
elicited a response in the individuals run at this concentration, a dilution of the bile was
attempted. A 1:10 and 1:106 dilution was tested for a positive response in a subset of animals.
The data presented in Figure 3.4 shows a consolidation of the preference scores from all bile
concentrations. Statistical analyses revealed substantial evidence that there was no difference
in preference scores between the different bile concentrations (BF = 0.270, regression
coefficient = -7.598 x 10-5, 95% credible interval (-0.015, 0.018)). Furthermore, when
comparing the bile group with the control group, the post-hoc pairwise tests indicated that there
was very strong evidence for no difference between these conditions (posterior odds = 0.097).
Lamprey skin was used as an avoidance cue in the Y-maze. Only two animals were
used for these trials. Statistical analyses suggest there was substantial evidence that there was
no difference in preference scores between the group of lamprey exposed to lamprey skin and
the control group (posterior odds = 0.196). Furthermore, the extraction solvent (EtOH) was
used as an olfactory cue to determine its effect in the use of skin as an avoidance cue. However,
only two animals were subjected to testing with this olfactory cue. The results of the post-hoc
pairwise tests found there was substantial evidence that there was no difference between the
extraction solvent and the control group (posterior odds = 0.200). Substantial evidence was
also found to support that there was no difference between the preference scores of the skinexposed and EtOH-exposed group (posterior odds = 0.246).
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The first five minutes of each video were analyzed to determine if there was an initial
preference of each lamprey for the stimulus. The results from this ANOVA indicated that there
was substantial evidence for no difference in the preference scores between the conditions (BF
= 0.150). All post-hoc pairwise tests had posterior odds less than 0.257. Furthermore, some of
the animals that ran through the control stimulus and the bile stimuli were repeated measures.
As such, the Bayesian repeated measures ANOVA concluded that there was substantial
evidence for no difference between the preference scores of these two conditions (BF = 0.232).
The posterior odds from the post-hoc pairwise tests were all less than 0.580.

3.4 Growth Studies
3.4.1 Effects of ration size on growth of P. marinus
Mean blood consumption as a function of the percent of wet body mass (g) gained per
day can be seen in Figure 3.5. The individuals fed a smaller ration were found to consume 4.05
± 2.07% (mean ± SEM, 95% credible interval (-4.851, 12.944)) while the group fed a larger
ration were found to consume 8.15 ± 0.850%, 95% credible interval (-2.650, 18.950)). When
compared to literature values of lamprey fed from live host fish, Farmer et al. (1975) found
that the amount consumed by lamprey in the same mass class was 14.7 ± 2.2%. The lamprey
in the small and large ration groups did not gain as much mass as was expected based on the
Farmer et al. (1975) studies. There was anecdotal evidence that the individuals fed a larger
ration had grown more than the individuals fed a smaller ration (BF = 1.550).

3.4.2. Iron deposition and gut analyses of lamprey fed porcine blood
Four of the five lamprey gained mass at the end of the feeding trial with the highest
increase in wet body mass percentage being 15.38%. Percent of wet body mass gained on the
final day of the experiment ranged from 2.80% to 15.38%. In contrast, two unfed animals had
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a decrease in mass by the end of the experiment. Throughout the experiment, these individuals
were seen to detach quickly or did not appear to be actively feeding, as evidenced by the
absence of feces. The other three lamprey were seen to excrete feces at least once throughout
the experiment and feces was excreted within 24h of feeding. Mean blood consumption from
lamprey of the same weight class were compared to those fed from live hosts, as measured by
Farmer et al. (1975). Juvenile sea lamprey fed porcine blood had a mean blood consumption
rate of 9.09 ± 6.29 % of wet body mass per day (mean ± SEM, n = 2), whereas those fed from
live hosts had a mean blood consumption of 11.1 ± 1.8 % of wet body mass per day (mean ±
SEM, n = 17; Figure 3.6).
The highest amount of gut contents was found to be 1.2846 g while the least was seen
to be 0.0219 g. Gut sample hemoglobin concentrations of the five lamprey ranged between
6.75 – 180.38 g hemoglobin kg-1 of body mass. Total protein concentrations were measured
within the gut and ranged between 0.35 – 5.41 g of protein kg-1 of body mass (Table 3.4).
After Prussian blue iron staining and counter staining with Nuclear Fast Red, a fed
lamprey was found to have positive blue staining in the posterior intestine. This staining was
seen primarily throughout the apical cytoplasm of the intestinal epithelial cells but was also
observed in the basal cytoplasm (Figure 3.8A). This staining was not observed in unfed
animals (Figure 3.8B). Both the anterior and posterior intestine show blue staining of isolated
cells scattered within the lamina propria in all animals (Figure 3.7 and 3.8). Sections of the
livers from each of the animals was stained with Prussian blue and more intense staining was
observed in the unfed lamprey. These lampreys had staining intensity of 102.95 and 87.71 AU.
One lamprey was found to have intermediate staining intensity (70.43 AU). The two lamprey
that fed the most throughout the experiment, were found to have the least intense staining
(37.48 and 39.91 AU). These variations in staining intensities can be seen in Figure 3.9.
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The results of the Pearson’s correlation can be found in Table 3.4. There was
substantial evidence for a very strong negative correlation between the liver staining intensity
and the percent of wet body mass gained (Pearson’s r = -0.931, BF = 3.878; SI Figure 1).
Anecdotal evidence was found to support that there was a very strong positive correlation
between the hemoglobin concentration (g kg-1) and the total protein concentration (g kg-1) of
the gut contents (Pearson’s r = 0.854, BF = 2.076; SI Figure 2). Additionally, there was
anecdotal evidence for a very strong negative correlation between the final mass of the
individuals (g) and the liver staining intensity (Pearson’s r = -0.819, BF = 1.723; SI Figure 3)
and a strong negative correlation between the total protein concentration (mg kg-1) and the liver
staining intensity (Pearson’s r = -0.745, BF = 1.278; SI Figure 4).
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Table 3.1. Feeding trials of AFS compared to juvenile sea lamprey fed from live host fish
(Oncorhynchus mykiss) in the laboratory. Trials attached indicate number of trials when at
least one out of three juvenile sea lamprey attached to the AFS or live host. The bait attractant
applied to the Porto feeder feeding surface was Walleye Scent. The end of a trial for the
preliminary testing with feeders and live host fish was considered finished when there was a
turnover of feeders, in either number of feeders or in replacement for one with a fresh meal, or
live fish.

Feeder
Type

Food Type

Duration
(days)

Number
of Feeders

Trials
Completed

Trials
Attached

Trials n =
2+ Attached

Silicone
Fish

Porcine
Blood

2-17

1-2

19

7

5

Porto
Feeder

Porcine
Blood

2

1

2

0

0

O. mykiss
Blood

2

1

1

0

0

Porcine
Blood + Bait
Attractant

2

1

1

0

0

O. mykiss

3-13

1-6

8

6

5*

Live
Host

*One trial had 3 juvenile sea lamprey attached to one O. mykiss.
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Table 3.2. Preference of meal type for P. marinus when fed with the silicone fish. Animals
were fed a meal of either porcine blood, fish muscle extract, a 1:1 ratio of porcine blood and
fish muscle extract, or control substance (Milli-Q H2O). The small-sized silicone fish was used,
and volitional attachment was allowed to occur (n = 15).

Meal Type
Porcine Blood
Fish Muscle Extract
50/50 Ratio
Control

n
6
4
3
2
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Number Fed
3
0
0
0

Table 3.3. Summary of results from the second manual feeding experiment with Porto feeders. Five lamprey were fed with a 20% meal of
porcine blood using the Porto feeders. Final mass (g) and gut contents amount (g) are shown. These parameters are followed by the percent of
body mass consumed based on these values, as well as the hemoglobin and total protein concentrations from the gut contents expressed as a
concentration per kg of wet body mass. Liver staining intensity was measured using Sigmascan in arbitrary units. The final mass of the animals
was adjusted to not include the gut contents, the values of which were used to calculate the percent of wet body mass gained.

Lamprey
ID
C

21.56

1.28

15.38

[Hb]
(g kg-1 BM)
22.54

B

6.63

0.02

-0.18

75.88

1.29

102.95

AC

8.50

0.06

-3.38

6.75

0.42

87.71

BB

17.40

0.07

2.80

7.25

0.35

70.43

BD

13.83

0.15

11.85

180.38

5.41

39.91

Final Mass (g) Gut Content Mass (g)

% BM Gained
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Total Protein
(g kg-1 BM)
2.91

Liver Iron
(Arb units)
37.48

Table 3.4. Pearson correlation of parameters measured from the second manual feeding
experiment. Final mass (g), gut contents (g), percent of wet body mass (BM) consumed,
hemoglobin concentration (mg hemoglobin mL-1 of gut contents sample), total protein
concentration (mg protein mL-1 of gut contents sample), and liver staining intensity (AU) were
compared in the Pearson’s correlation (n = 5).

Final Mass
(g)

Pearson's r

Final
Mass
(g)
—

BF₁₀

—

Gut Contents
Mass (g)

Pearson's r

0.754

—

BF₁₀

1.315

—

% of BM
Gained

Pearson's r

0.783

0.756

—

BF₁₀

1.468

1.325

—

Variable

Gut
Contents
(g)

% of BM
Gained

[Hemoglobin]
(mg mL-1)

Total
Protein
(mg mL-1)

Liver
Staining
Intensity

[Hemoglobin] Pearson's r
(mg mL-1)
BF₁₀

-0.17

-0.214

0.389

—

0.552

0.563

0.642

—

Pearson's r

0.281

0.289

0.781

0.854

—

BF₁₀

0.585

0.589

1.455

2.076

—

Liver Staining Pearson's r -0.819
Intensity
BF₁₀
1.723

-0.652

-0.931

-0.336

-0.745

—

0.98

3.878

0.611

1.278

—

Total Protein
(mg mL-1)
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Figure 3.1. Representative photograph of liquid meal delivery from a Porto feeder filled
with porcine blood. The negative pressure applied by the oral sucking disc allows for delivery
of the liquid meal through the feeding port from the valve chambers.
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A

B

Figure 3.2. Representative photographs of juvenile sea lamprey attachment to the porcine
blood-filled large silicone fish. A) Image of the attachment attempt by the juvenile sea
lamprey to the first iteration of the silicone fish (rough surface). B) Attachment by two juvenile
sea lamprey to the second iteration of the silicone fish (smooth surface). Arrowhead indicates
excretion of feces by juvenile sea lamprey.
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A

B

Figure 3.3. Attachment of juvenile sea lamprey to the porcine blood-filled small silicone
fish during the meal preferences trials. A) Attachment of multiple lamprey to one silicone
fish was observed during the meal preferences trials. B) Arrowhead indicates a perforation
made by a juvenile sea lamprey during one of the meal preferences feeding trials.
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Figure 3.4. Preference scores of the different stimuli from the decision-making maze task.
CC: control water in both arms; TW: trout water (positive control); BS: bile salts at all
concentrations of O. mykiss bile salts; Skin: deceased lamprey skin; EtOH: ethanol extraction
solvent (sham control). Boxplots of the distribution of preference scores with whiskers
indicating the minimum and maximum values. Faint grey line at 0.5 indicates no preference.
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Mean Blood Consumption
(% bm/d)

20.00

16.00

12.00

8.00

4.00

0.00

Small Ration

Big Ration

Live Host

n=3

n=2

n=5

Figure 3.5. Effect of ration size on food consumption as compared to literature values.
Comparisons of mean blood consumption (mean ± SEM) between experimental lamprey with
porcine blood-filled Porto feeders to literature values of juvenile sea lamprey fed from live
hosts (Farmer et al., 1975). Mean blood consumption is shown as a percent of wet body mass
per day. Juvenile sea lamprey comparisons were from the same weight class. Ration size
experiments were completed at 12 ± 1 °C while the Farmer et al. (1975) feeding experiments
were completed at 11 ± 1 °C.
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Mean Blood Consumption
(% bm/d)

16.00

12.00

8.00

4.00

0.00

Porcine Blood

Live Host

n=2

n = 17

Figure 3.6. Mean blood consumption comparisons between porcine blood fed juvenile sea
lamprey to animals fed from live hosts. Mean blood consumption (mean ± SEM) of Lamprey
C and BB from the second force feeding experiment were compared to lamprey of the same
mass class (Farmer et al., 1975). The other individuals from that experimental were not of the
same mass class and could not be included. Lamprey were force fed porcine blood using the
Porto feeders. This manual feeding experiment was completed at 12 ± 1 °C while the Farmer
et al. (1975) feeding experiments were completed at 11 ± 1 °C.
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A

M

PB

B

M

Figure 3.7. Anterior intestine sections from the second force feeding experiment. Sections
were stained with nuclear fast red and Prussian blue. A) Anterior intestine of a fed lamprey
where porcine blood can be seen. B) Anterior intestine of an unfed lamprey where no porcine
blood can be seen. Abbreviations: M, macrophage; PB, porcine blood. Scale bar 50 µm.
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A

B

Figure 3.8. Posterior intestine of (A) a fed lamprey and (B) an unfed lamprey from the
second force feeding experiment. Sections were stained with nuclear fast red and Prussian
blue. Scale bar 50 µm.
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A

B

Figure 3.9. Liver sections of a fed and unfed lamprey from the second force feeding
experiment. Sections were stained with Prussian blue only. A) Fed lamprey. B) Unfed
lamprey. Scale bar 50 µm.
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4. Discussion
The purpose of this project was to design and test an artificial feeder to feed and grow
juvenile stage sea lamprey in the laboratory. Both the Porto feeder and the silicone fish were
able to deliver a liquid meal to an attached lamprey, however, volitional attachment was only
observed with the silicone fish. The silicone fish had an overall attachment rate of 40% across
all feeding experiments (preliminary and meal preference experimentation). The liquid meal
preferred by juvenile sea lamprey was porcine blood alone. When juvenile sea lamprey were
presented with fish muscle extract incorporated into the liquid meal, there was no increased
preference when compared to the control meal. The juvenile sea lamprey were able to grow
when feeding from the AFS filled with porcine blood and ration size did have an effect on
mean blood consumption by juvenile sea lampreys. It is possible that porcine blood could result
in similar growth rates when compared to animals of the same weight class fed from live hosts.
The staining for iron suggests macrophage involvement in iron sequestration from the anterior
intestine. Additionally, staining for iron suggests the posterior intestine is the primary site of
secretion of excess iron in fed juvenile sea lamprey. The iron staining was localized primarily
to the apical cytoplasm but was also seen in the basal cytoplasm of posterior intestinal epithelial
cells. The juvenile sea lamprey that did consistently feed during the second force feeding
experiment had a decreased iron staining in the liver when compared to the juvenile sea
lamprey that did not feed consistently throughout the experiment. Finally, testing with the Ymaze showed no preference for any stimuli when compared to the control stimulus. The
rainbow trout bile concentrations did not appear to elicit any foraging response among those
tested when compared to the control. Given these results, it was concluded that adding rainbow
trout bile as a fish-related olfactory cue was not necessary.
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4.1. AFS Testing– which is more effective?
When creating a novel artificial feeding system (AFS) to use in a laboratory setting,
maximum and consistent efficacy should be a priority. The present study defined efficacy of
the feeders as the ability for the juvenile sea lamprey to perform two actions: i) locate and
volitionally attach to the devices, and ii) feed from the devices. The Porto feeder failed to be
effective in having the sea lamprey consistently locate and volitionally attach to the AFS, with
zero volitional attachments occurring during the preliminary testing. However, manually
attached juvenile sea lamprey fed from the devices successfully with respect to delivering a
liquid meal. Despite this, challenges arose when attaching the juvenile sea lamprey since they
needed to be anaesthetized to attach them to the feeding surface of the Porto feeders. Although
the concentration of anaesthetization was defined by the Wilfrid Laurier University Animal
Care Committee, this additional step could be a source of undue stress to the animals (Topic
Popovic et al., 2012). Therefore, the effects of this anaesthetization requires further study. The
ability to have the animals feed and grow from the Porto feeders will be examined later in the
discussion (Discussion 4.3. Meal preferences and 4.4. Growth of juvenile sea lamprey can be
achieved with porcine blood).
The silicone fish AFS showed more promise and was successful in having the juvenile
sea lamprey both locate and volitionally attach, as well as feed. Although there were attachment
attempts made with the first iteration of the silicone fish, the lack of a smooth surface prevented
the juvenile sea lamprey from attaching to the silicone fish, as seen in the preliminary testing
of the AFS. Once the surface of the mold was smoothed, preliminary testing revealed several
attachment attempts and successes. Adams and Reinhardt (2008) studied the attachment ability
and contortion of the oral sucker of P. marinus to surfaces that were smooth or had varying
depths of grooves. They found that to maximize attachment of sea lamprey to surfaces, the
surface needed to be as smooth as possible to allow for the oral disc and fimbriae to form a
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tight seal. This illustrates the need for the design of the silicone fish to have a smooth surface
and explains the increased number of successful attachments when using the second iteration
of the AFS.
The success and variability of both the Porto feeder and the silicone fish to feed the
juvenile sea lamprey should be reviewed. While both act as demand feeders, it was occasionally
observed that the juvenile sea lamprey would leak the porcine blood from their branchiopores
while feeding from the Porto feeder. Reynolds (1931) discussed that river lampreys cope with
artificial sucker leaks by pumping excess sucker water out through the branchiopores. Since
the juvenile sea lamprey were attached while anaesthetized, the observation of the porcine
blood being excreted out the branchiopores could be attributed to fixing leaks in the artificial
suction of the oral disc. This excretion of the liquid meal led to fouling of the water and
prevented accurate measurements of the liquid meal ingested by weighing the reservoir before
and after a feeding trial. Additionally, this occurred regardless of the ration size used in the
food reservoir but did not occur when using either the large or small silicone fish. Another
issue with the Porto feeder was keeping the juvenile sea lamprey attached postanaesthetization. They were frequently found to detach from the feeding surface almost
immediately after attachment, requiring further anaesthetization for reattachment.
Furthermore, the juvenile sea lamprey may not have been able to maintain the negative pressure
because there was not enough resistance applied by the umbrella-type silicone microvalves.
This would suggest that a silicone microvalve with greater resistance should be used to improve
the AFS.
One of the limitations of the Porto feeder was its small reservoir capacity. Once the
liquid meal was finished, the sea lamprey are not able to obtain more until the reservoir is
refilled the next day. Although this system was intended to act as a demand feeder, the demand
is not supplied after the liquid meal has been depleted. Additionally, despite every attempt
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made to ensure the tight sealing of the Porto feeders, leaks did occur with this AFS, resulting
in a loss of the liquid meal into the aquaria. Whether the intended meal size was the actual
percentage of the liquid meal consumed is unknown because of the leakages. Therefore, the
wide range of values observed in the percent of body mass gained could be attributed to the
loss of liquid meal through the gill pores when feeding from the Porto feeders, from the
depletion of the liquid meal through leaks in the Porto feeders, or from simply detaching from
the Porto feeder without finishing what was in the reservoir. Additionally, the stress of being
forcefully attached while anaesthetized may have reduced the juvenile sea lamprey’s appetite.
Stress can be induced through handling of fish prior to anaesthetization, and it can be
difficult to distinguish between the stress related to handling from the stress that is associated
with anaesthetization (Topic Popovic et al., 2012). Corticosteroids are released within the fish’s
body in response to stress and anaesthesia has been shown to initiate this stress response
(Barton and Peter, 1982). When a fish is immersed in an anaesthetic bath, the acute stress
results in deeper induction, deeper anaesthesia, and delayed recovery (Zahl et al., 2009). In sea
lamprey, 11-deoxycortisol is released in response to acute stress (Close et al., 2010) with a
higher abundance of the corticosteroid receptor found in the gills and intestine of juvenile sea
lamprey. The increased prevalence of both the stress hormone and its receptor are likely in
response to 11-deoxycortisol’s osmoregulatory actions in these organs (Shaughnassy and
McCormick, 2021). Therefore, the stress from capturing (netting) and dosing the animals prior
to attachment to the Porto feeders likely induced a stress response, the effects of which should
be considered when choosing to use the Porto feeder in future experiments.
The silicone fish had much more success when providing food for attached juvenile sea
lampreys. Not only was volitional attachment observed, but the juvenile sea lampreys were
able to consistently feed from the devices once they found a perforation. Interestingly, it was
not expected that the silicone would be easily pierced by the teeth or rasping tongue of the
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juvenile sea lamprey due its structural properties. Juvenile sea lampreys were confirmed to be
feeding from the excretion of feces, which occurred within 24 hours of feeding. However, the
experiments from the silicone fish lack growth data. Unlike the Porto feeder where the juvenile
sea lamprey had likely detached the next day for feeding, many of the animals feeding from
the silicone fish would still be attached. To weigh them the following day would require manual
detachment, affecting recorded attachment times. Additionally, many of the feeding trials had
multiple lamprey in the tank and identification through fin clipping may not have been
performed prior to placing the feeder(s) into the tank. Furthermore, attachment of multiple
lampreys to a single silicone fish was observed on several occasions, even in the presence of
another silicone fish. These observations contradict the information provided by Farmer (1980)
which discussed that other juvenile sea lamprey are not attracted to hosts that are already
parasitized. However, these observations do agree with our own observations of multiple
lamprey attached to live host fish in the laboratory, as well as other literature. For example,
Wilkie et al. (2004) cite multiple attacks on basking sharks in the Bay of Fundy.
This phenomenon of a sea lamprey attaching to a silicone fish that was already
parasitized could be explained by the lack of an elicited chemosensory alarm cue indicative of
parasitism. In a study performed by Imre et al. (2014), upstream migrating adult sea lamprey
were exposed to several damage-released alarm and predator cues in a laboratory stream
channel to determine their behavioural response to several stimuli. One of the stimuli presented
to the adult sea lamprey was extracted tissue from a white sucker (Catostomus commersonii).
Results showed an avoidance behavioural response to the white sucker stimulus. Although Imre
et al. (2014) did not identify the compound from the white sucker tissue that elicited this
response, the stimulus was used to mimic the cue of a natural predation event. Since sea
lamprey are known to feed on white suckers in the juvenile stage (Smith and Tibbles, 1980;
Johnson et al., 2021), this compound could be released from the wound while a sea lamprey is
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actively feeding. As a result, a nearby sea lamprey may choose to not attach. However, with
the silicone fish, the device was filled with porcine blood which may not have a sea lampreyrecognized tissue damage alarm cue. Furthermore, since the device was made with silicone,
there was not any live tissue to release a predation-related alarm cue.
Natural predatory behaviour was observed when deploying the silicone fish to feed the
juvenile sea lamprey. Juvenile sea lamprey were observed to display feeding and non-feeding
behaviour. The differentiation between feeding and non-feeding attacks has previously been
defined by the presence or absence of a wound at the site of attachment (Farmer, 1975).
Although this was not possible with the silicone fish, the behaviour of attaching onto the host
without feeding was observed in several instances when the silicone fish was used. It was found
that some lamprey would stay attached or adjust to a different location on the silicone fish after
attaching but were not considered feeding due to the absence of feces. Overall, the silicone fish
proved to be a better artificial feeding system than the Porto feeder, based on the criteria for
efficacy in addition to promoting natural feeding behaviour. The use of the silicone fish in
further experimentation is discussed later in this section (Discussion 4.3. Meal preferences).

4.2. Limited attachment success with the silicone fish. Room for improvement
A major objective of this study was to determine the efficacy of feeders based on rates
of attachment successes. In relation to the results found with the silicone fish filled with porcine
blood, success of volitional attachment was only seen in 40% of all tests. The use of the silicone
fish may be limited by the size threshold of the AFS in relation to the parasites. In laboratory
studies on host selection and lethality of attacks by juvenile sea lampreys, juvenile sea lampreys
were found to choose the larger of two host fishes when presented with different sized fish
(Cochran and Jenkins, 1994). However, when all available hosts exceed a minimum threshold
for size, the juvenile sea lamprey will select a host at random in proportion to their surface area.
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This size threshold is in relation to the size of the host compared to the size of the parasite
(Swink, 1991). Therefore, observed attachment rates in the laboratory studies with the silicone
fish may have been limited since the silicone fish may not have met the minimum size threshold
for some of the juvenile sea lamprey tested. The mold was only created in two sizes, the largeand small silicone fish. Due to issues with tank space, only the small silicone fish were used
for the meal preferences trials. Attachment rates may be increased if the large silicone fish were
used as it may have passed the minimum size threshold for the sea lampreys to attack.
Attachment rates may increase if multiple silicone fish are deployed into the tank but may only
increase if the minimum size threshold is surpassed. For larger juvenile sea lampreys that are
closer in age to migrate for spawning, a mold to make a silicone fish that would meet the
minimum size threshold may be inconvenient to use in the laboratory, due to the size of the
mold, the amount of porcine blood required to fill it, and the size of the tank to deploy it in.

4.3. Meal preferences
Juvenile sea lamprey were found to only attach to the silicone fish that were filled with
porcine blood alone, and not to any of the other meal types tested. These results are surprising
as it was hypothesized that a fish-related olfactory cue would be necessary to increase
attachment rates to the AFS. The fish-related food source should be examined further to
determine why it did not increase the rate of attachment. It has been previously observed that
the diet of juvenile P. marinus consists primarily of blood from the host fish (Renaud et al.,
2009), with up to 98% being observed in the intestinal contents of juvenile sea lamprey
(Farmer, 1975). Therefore, it would be unlikely that juvenile sea lamprey would consume a
significant portion of the host fish’s muscle at the attachment site. However, since fish blood
was difficult to obtain in sufficient quantities during the course of the research project, the only
viable option was to use the muscle from a fish fillet as the fish-related meal type. However,
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given the information previously provided on alarm cues released by damaged fish tissues, the
use of the fish muscle extract in the liquid meal may have had the opposite intended effect.
This poses problems for the future development of fish-related alternative meals for P. marinus,
as this limits the alternative meals to only that of fish blood, their primary food source, or
resorting to using a live host fish. However, considering the low statistical power from the
small sample size, firm conclusions cannot be made from the results of this experiment alone.
Further experimentation with various types of liquid meals should be performed to confirm the
findings from this study.
The mechanisms in orientation and attachment in juvenile sea lamprey have not been
defined (Hume et al., 2021a). Research on the role of vision in predatory behaviour has shown
that juvenile sea lamprey prefer to choose targets that are larger, suggesting that vision has a
critical role in prey selection (Farmer and Beamish, 1973; Farmer, 1980). It would be expected
for there to be a concerted effort by both the juvenile sea lamprey’s visual and olfactory systems
when foraging, however, the experiments outlined in the present study suggest that olfaction is
the primary sensory system used to find prey. When comparing the two feeding systems filled
with porcine blood to each other, it was thought that vision was heavily involved since
attachment was only seen with the silicone fish. Upon further experimentation with meal
preferences, it was expected that the same number of attachments as the porcine blood feeder
would occur to the control silicone fish if vision were more involved in directing foraging
behaviour. The lack of attachments suggests that olfaction appears to determine whether
juvenile sea lamprey would attach to the silicone fish as no attachments were observed with
the control silicone fish. Vision may be used to orient towards a prey but ultimately the
olfactory system may play a more dominant role in foraging and feeding behaviour.
Research on vision in juvenile sea lampreys has been shown not to have a critical role
in migratory behaviour of adult sea lamprey. Binder and McDonald (2007) did not find a
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supportive role for vision in the upstream migratory behaviour of adult sea lamprey when
testing with control and blinded animals. Furthermore, it has been shown that olfaction is likely
the only sensory system to aid ovulating female adult sea lamprey in finding spermiating male
adults, as naris occluded and anosmic females were unable to find spermiating males (Johnson
et al., 2006). This literature supports the theory that the olfactory system heavily influences the
behaviour of sea lamprey and may be more important to foraging behaviours.

4.4. Growth of juvenile sea lamprey can be achieved through porcine blood
To have a successful artificial feeding system, the organism must be able to attach, feed,
and grow from the device. Therefore, measuring the growth of the juvenile sea lamprey was a
necessary end point for the project to determine if porcine blood was a suitable alternative to a
live host fish. A comparison was made of the average blood consumption by animals fed from
the Porto feeder, filled with porcine blood, to the results of juvenile sea lamprey fed from live
host fish, presented by Farmer et al. (1975). Since the sample sizes were small for both the
small and large ration size groups (small ration n = 3, large ration n = 2), an effect of the ration
size between groups may not be observed from these experiments. It was expected that the
animals fed a larger ration size would have an increased consumption rate compared to the
animals fed with a smaller ration size which was anecdotally supported here (BF = 1.550).
Farmer et al. (1975) found consumption rates of lamprey in the same weight class to be
14.7 ± 2.2% (geometric mean ± SEM). Although this consumption rate appears to be more than
was achieved with the porcine blood, the authors noted that when comparing the means of
blood consumption ± twice the SEM, there was no statistical difference between the daily blood
consumption of the different weight classes. This was due to the large variation in blood
consumption within each weight class and the small sample size. Sea lamprey were found to
consume 2.9 to 29.8% of their wet mass per day (mean value of 11.6 ± 7.5%/day) (Farmer et
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al. 1975). Three out of five of the porcine blood consumption values observed with the Porto
feeders, from both the small and large ration groups, were found within this range. This
suggests that the animals fed with porcine blood were capable of feeding at normal rates. The
two porcine blood consumption rates that were not found within this range were from the small
ration size group. The individuals in this group were the larger of the three animals fed in the
small ration group and may not have had an adequate supply of blood to feed up to a similar
rate as compared to the third animal of that trial. However, careful consideration should be
taken when comparing these feeding rates to those from Farmer et al. (1975) as the temperature
of the experiments were different. In the study by Farmer et al., the feeding experiments took
place at 11 ± 1 °C, while the experiments with the AFS took place at approximately 12 ± 1 °C.
Moreover, the live host fish blood and porcine blood consumption rates may not be
comparable. This is because the animals in Farmer et al. (1975) were fed from a live host fish
that can replenish its blood supply through physiological processes. Farmer et al. (1975) notes
that the caloric value of the trout blood was lower but the percentage of moisture in the trout
blood had increased after having been parasitized by a juvenile sea lamprey. This suggests that
while the hosts could replenish their blood volume, the caloric content was not replenished,
and continuous parasitism resulted in caloric deficits for the juvenile sea lamprey. In the
experiments using the Porto feeders, the AFS were filled with a set volume for the liquid meal
and once diminished, it was not filled back up until the following day. Therefore, juvenile sea
lampreys may not be acquiring the same amount of nutrients and caloric content from the Porto
feeders as they would from a live host, despite the eventual caloric deficiencies. The use of the
silicone fish attempted to solve this problem as it was able to hold an excess of blood within
its reservoir. However, the viability of the porcine blood over time was not measured and may
impact the nutritional content and ability of the juvenile sea lamprey to locate the AFS.
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4.5. Iron deposition and gut analyses show porcine blood digestion by juvenile sea
lamprey
When fed 20% of their wet body mass in porcine blood, three of the juvenile sea
lamprey were able to gain mass. Maximal consumption rates for juvenile sea lamprey have
been found to be 20-30%/day (Farmer et al., 1975). None of the juvenile sea lamprey were
able to obtain this while feeding on porcine blood from the Porto feeders. When compared to
the blood consumption of lamprey within the same weight class, only three animals fell within
the 16-50 g weight class. These animals fed from porcine blood had a mean blood consumption
of 9.09 ± 6.29% day-1 whereas juvenile sea lamprey fed from live hosts had 11.1 ± 1.85 % day1

(Farmer et al., 1975). The animals that did not gain mass from the experiment were seen to

detach quickly after attachment. This further illustrates that attachment was difficult to sustain
while using the Porto feeders as discussed previously (Discussion 4.1. AFS Testing– which is
more effective?).
Two animals were found to have hemoglobin concentrations lower than what was found
in the porcine blood. These two animals fed the least, one excreted feces only after the first
feeding but none after the subsequent feedings. The other did not excrete feces at all throughout
the duration of the experiment. In addition to not having fed for most or all of the experiment,
the lower hemoglobin concentration may have been a result of the dilution from extracting the
intestinal contents. The other three animals had hemoglobin concentrations higher than was
found in the porcine blood. This may be attributed to the absorption of the fluid phase of the
porcine blood. Nutrient absorption, particularly iron absorption, in juvenile sea lamprey has
been found to occur in the anterior intestine and is a relatively fast process. Previous research
has shown that 17% of iron absorption occurs within the first 5 minutes, 66% by 3h, and 80%
by the 21h (Youson et al., 1988). Since the collection of the intestinal contents did not occur
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until 24 hours after the last feeding, it was expected that over 80% of the hemoglobin would
have been digested to sequester the iron for absorption.
This digestion of hemoglobin would have left the heme behind to be excreted as feces.
Juvenile sea lamprey have been found to have a high gross conversion efficiency rate, with
only 2.8% of energy lost as fecal matter (Farmer et al., 1975). Based on the information
regarding rates of iron uptake in the anterior intestine and the high gross conversion efficiency
rate, the higher levels of heme found in the intestinal contents and the fecal excretion rates may
suggest a slow gut evacuation rate to maximize nutrient absorption. Gut content total protein
concentrations were found to be higher in the animals that consistently fed compared to the
animals that did not feed, which was expected. Additionally, anecdotal evidence for a strong
positive correlation between the total protein concentrations and the hemoglobin
concentrations of the intestinal contents was found (Pearson’s r = 0.854, BF = 2.076). This was
expected since the hemoglobin heme may not have been completed digested yet.
Prussian blue was used to stain for ferric (Fe3+) iron and does not stain hemoglobin.
Iron staining showed iron within the lamina propria of both the anterior and posterior intestine.
The apical and basal cytoplasm of the posterior intestinal epithelial cells was also stained for
iron in fed animals. The iron staining within the lamina propria of the anterior and posterior
intestine may be indicative of iron-loaded macrophages. These macrophages have been noted
in previous studies, suggesting their role to aid in elimination of excess iron from ingestion of
the metal (Youson and Cheung, 1987). Youson and Cheung (1987) observed there to be iron
staining within the apical cytoplasm of the anterior intestine, suggestive of recently absorbed
iron. This apical cytoplasmic staining was not observed in the current study in the fed animals.
However, previous research has shown that iron is quickly absorbed in the anterior intestine of
juvenile sea lamprey (Youson et al., 1988) and the lack of observed iron staining in this region
of the experimental animals should not be suggestive that the porcine blood was not absorbed
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at this location. Furthermore, the heavy iron staining of the posterior intestine in a fed animal
and its absence in the unfed animals is suggestive of the iron being eliminated at this site,
corroborated by previous literature which has speculated that the mucous cells of the epithelium
are likely the site for excess iron elimination (Youson and Sargent, 1984; Youson and Cheung,
1987; Youson et al., 1988).
The iron staining in the liver was more intense in the animals that did not feed compared
to those that did. This was further illustrated from the Pearson correlation which found
substantial evidence to support a strong negative correlation between the liver staining intensity
and the percent of wet body mass gained (Pearson’s r = -0.931, BF = 3.878). The less intense
staining within the liver of fed or actively feeding animals compared to those that were not fed
was also observed by Youson and Cheung (1987). The decrease in iron concentration within
the livers of fed animals may support the theory that actively feeding animals mobilize the liver
iron stores to aid in the growth of the body (Sargent and Youson, 1986) or to eliminate during
feeding (Youson and Cheung, 1987).

4.6. Tracking: Technical considerations.
Success in tracking the juvenile sea lamprey during the two-choice maze experiments
was achieved but not without some difficulties. Logistical issues such as glare from the
overhead lights, insufficient contrast between the animals and the tank, and the inability to
distinguish between individuals within a tank unless there was an obvious size difference, made
recording and tracking of the animals in the experiments difficult. Additionally, the juvenile
sea lamprey do not stay a consistent shape while swimming and will fold in half to turn around.
This meant that the minimum size for tracking an object had to be smaller than expected. This
frequently resulted in the tracking of noise or the tracker not identifying the animal in the video.
Furthermore, although every attempt was made to remove the overhead glare, any glare that
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was in the arena led to the animal not being tracked in that area. As such, post-tracking cleanup had to be done to extrapolate the position of the juvenile sea lampreys or to remove repeated
data points that likely represented background noise. Overall, the tracking of the juvenile sea
lamprey in the two-choice maze was feasible but not perfect throughout the project. Tracking
of the animals in any other arena for feeding and tracking of multiple animals at a time was not
possible due to the outlined logistical difficulties.

4.7. Sensitivity to chemosensory cues using a decision-making maze task
4.7.1. Trout water as a chemosensory cue
The preference scores for the positive control had a large range of values, and results
from the post-hoc pairwise tests found that there was substantial evidence for no difference
between the preference scores of the trout water and the control water groups (posterior odds
= 0.148). However, only four animals were tested with the trout water as a positive control. As
such, the positive behavioural effect expected from using trout water as a positive control may
not have been observed in this part of the study. Aside from the low statistical power, the
concentration of the trout water may have also played a role in the lack of effect seen during
testing. Trout water was chosen as a positive control based on the description by Kleerekoper
and Mogensen (1963) on the effect of trout water in the orientation of juvenile sea lamprey.
Kleerekoper and Mogensen describe the amount of trout “body odour” was a function
of the fish mass and the time. The “body odour” was obtained by placing several trout in an
aquarium with stagnant water for a few hours. The experiments presented here differed in
methodology in this regard. The trout water used in this study was taken directly from a 500 L
holding tank with semi-recirculating water. Therefore, the concentration of trout body odour
used in the experiments was likely diluted, due to the low fish mass for the size of the aquarium
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and the amount of water exiting the system. The possible dilution of the trout body odour could
have played a role in the variation of responses between the animals.

4.7.2. Heterospecific bile salts as a chemosensory cue
Statistical analyses indicate no difference between preference scores for the animals in
the three bile salts conditions compared to the control stimulus group (BF = 0.270, regression
coefficient = -7.598 x 10-5, 95% credible interval (-0.015, 0.018)). The post-hoc pairwise tests
showed strong evidence for no difference in preference scores between the animals in each of
the three bile salts concentration groups (posterior odds = 0.097). These results were interesting
as rainbow trout bile salts were chosen with the hope of eliciting an attractive response based
on previous knowledge of the olfactory system and conspecific bile salts as a chemosensory
cue. Heterospecific bile salts have been theorized to play a role in other physiological responses
such as foraging but have not been tested in a laboratory behavioural assay. The need to
determine and quantify a response to heterospecific bile salts in sea lamprey using a laboratory
behavioural assay is what prompted the experiments of the present study.
In rainbow trout (Oncorhyncus mykiss), bile acid is produced in the liver and stored in
the gallbladder. The bile acid will then be secreted into the intestine through the bile duct and
released in feces, a result of the response to foraging and digestion (Buchinger et al., 2014).
Sato and Suzuki (2001) reported that bile salts are excreted renally, thought to potentially signal
mates. However, how bile salts are excreted through the renal system has not been described.
Bile acids are often conjugated with sulfate groups, glycine, taurine, or a taurine-derivative
(Wyatt, 2014; Buchinger et al., 2014) prior to secretion into the appropriate organ. Conjugation
with a sulfate group decreases intestinal permeability and increases solubility within the urine
(De Witt and Lack, 1980; Buchinger et al., 2014).
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Within the gallbladder of rainbow trout, cholic acid and chenodeoxycholic acid were
commonly conjugated to taurine. Taurocholic acid (TCA, 3, 7, 12-Trihydroxy-5-cholan24-oic-acid-N-(2-sulfoethyl)-amide) represented 85% of the bile acid composition (Denton et
al., 1974). Li et al. (1995) quantified the stimulation response of TCA to the olfactory bulb of
migrating adult sea lamprey, which was found to have no significant difference in responses
compared to the control stimuli when testing TCA at 10-6 and 10-10 µM. Li et al. (1995)
discussed the structure-activity relationship of bile acid derivatives and the importance of the
structure in eliciting an electrophysiological response at the adult sea lamprey olfactory bulb.
The three key structural components that relate to TCA will be briefly touched upon here. First,
it was found that bile salts with a 5-hydrogen were more potent than their 5 isomers. Second,
a 3’-sulfate ester was found to be essential to the olfactory potency of bile acids. Finally, when
conjugated with a taurine at C-24, the taurine functional group was found to increase the
olfactory potency of bile acids with one hydroxyl but decrease the potency of bile acids with
three hydroxyls, having no effect on potency of bile acids with two hydroxyls.
Rainbow trout bile was taken directly from the gallbladder for the experiments with the
Y-maze. The bile did not pass through the bile duct where it likely would have been conjugated
with a sulfate group prior to secretion into the intestine, decreasing its potency to the juvenile
sea lamprey. Furthermore, TCA, did not have the three structural components that would have
increased its potency. TCA lacks a 5-hydrogen, has a 2’-sulfate ester, and has three hydroxyls
at C-24, resulting in a decrease in potency. These key structural differences in the predominant
bile acid in rainbow trout may explain the lack of an observed foraging response between the
bile acid concentrations used for the Y-maze trials.
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4.7.3. Lamprey skin as an alarm cue
When using lamprey skin as an alarm cue, the analyses indicated that there was
substantial evidence for no difference between the preference scores of the animals exposed to
the lamprey skin, sham control, and control stimuli. Lamprey skin was chosen as an alarm cue
to measure avoidance in the Y-maze based on previous findings that lamprey respond to the
scent of decaying and freshly killed conspecifics (Wagner et al., 2011; Bals and Wagner, 2012;
Imre et al., 2014; Di Rocco et al., 2014; Di Rocco et al., 2016). However, Di Rocco et al.
(2014) determined the diurnal effects to the avoidance response to conspecific damage-released
alarm cues for adult sea lamprey. They found that adult sea lamprey exhibit a reduced
avoidance response to conspecific damage-released chemosensory cues during the day when
compared to the night. Di Rocco et al. (2014) observed a weakly significant avoidance response
of the adult sea lamprey to the sea lamprey extract. For the present study, the Y-maze trials
were performed during the day. The performance of these experiments during the day could
explain the lack of an avoidance response seen in the animals exposed to the sea lamprey
extract.
It is important to note that there were only two animals that ran through these trials
using the lamprey skin and the sham control as stimuli. Although the preference scores of the
lamprey skin exposed individuals were in the avoidance range (below 0.5), conclusions of
whether the lamprey skin produced the expected avoidance response should not be determined
from this study alone due to the small sample size.

4.7.4. Y-maze apparatus: a not so perfect system
When presented with a food-related stimulus, animals would normally expect to find a
reward once having reached the stimulus. If the juvenile sea lamprey presented with the bile
salts stimulus initially choose the stimulus arm but found no reward, the juvenile sea lamprey
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may leave to explore the other arm. To determine if this effect occurred, the first five minutes
of each video was analyzed for initial preference. Results from this analysis suggested that
there was substantial evidence for no difference between the initial preference scores from all
conditions.
Previous literature determining the behavioural responses to chemosensory cues in sea
lamprey have extensively used a semi-natural laboratory stream channel (Wagner et al., 2011;
Bals and Wagner, 2012; Imre et al., 2014; Di Rocco et al., 2014; Di Rocco et al., 2016; Johnson
et al., 2020). This behavioural assay was a raceway with an entry zone, blocked off with a net,
and pumps at the top of the raceway, where the odour cue could be released. The raceway did
not have any medians, meaning the water was not separated at any point in the raceway. The
experimental set up used in the present study differed from this raceway in that the two arms
of the Y-maze were separated with their own water sources with the water sources eventually
merging into the base of the maze. This separation meant that the juvenile sea lamprey could
not cross over to the other arm without back tracking through the maze.
A habituation period took place to not only habituate the animals to the new
environment but also to pre-expose the juvenile sea lamprey to the stimulus as the merged
water sources flowed to the base of the maze. However, this habituation period may not have
been long enough to expose the sea lamprey to the stimulus. Because lamprey were observed
to attach to the arms and stay in one place for the entirety of the experiment, if the habituation
period was not long enough and the lamprey chose the control arm initially, these individuals
may not have been fully exposed to the odour cue. These individuals may skew the preference
scores towards 0.5. Therefore, a longer habituation period may be necessary to ensure that the
lamprey are properly exposed to the stimulus when using the Y-maze apparatus to yield similar
results to using a laboratory stream channel.

68

5. Conclusions and Future Directions
Studying the juvenile stage of sea lamprey is necessary to find improvements to the
SLCP and to further our understanding of this species. An artificial feeding system would
greatly reduce the harm to and wasting of host fish when feeding juvenile sea lamprey in the
laboratory. Although the Porto feeder is not recommended for use as an AFS in the traditional
sense, its utility in administering chemicals or compounds of interest through ingestion could
prove useful. When it comes to feeding juvenile sea lamprey in the laboratory, the silicone fish
is the better option. Despite seeing variable success in attachments with the silicone fish, this
variability in attachment rates is also seen with juvenile sea lamprey when fed with host fish in
the laboratory, suggesting that the silicone fish mimics natural feeding behaviour. However,
feasibility when using the silicone fish in its current form may become a limitation when
studying juvenile sea lamprey that are close to full size as the size of the AFS would need to
be sufficiently large enough for the parasites to attach and to hold enough blood. Therefore, it
is recommended that the silicone fish be used to feed juvenile sea lamprey that are newly
metamorphosed or have just started feeding.
The findings from the present study leave room for further exploration for different
aspects of the juvenile sea lamprey biology and behaviour. First and foremost, many of the
experiments outlined in this study were performed with a small sample size, a problem that
reduced statistical power. Further experimentation should consider investigating these effects
again but with a larger sample size. Although growth rate, energy uptake, and viability over
time of the porcine blood when fed from the silicone fish were not measured in this study,
future studies should explore this aspect to determine if porcine blood is an adequate liquid
meal alternative for juvenile sea lamprey. Future behavioural studies should employ the use of
the silicone fish filled with porcine blood and whether volitional attachment occurs by blinded
and naris-plugged juvenile sea lamprey. These studies with the blinded and naris-plugged
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juvenile sea lamprey may confirm whether the visual or olfactory systems are the primary
sensory systems that drive foraging behaviour.
Further investigation into the olfactory system of the juvenile sea lamprey and its
sensitivity to the stimuli used in this study should be explored. Although it is important to test
different methodological techniques to compare to previous literature, as we performed with
the trout water stimulus, further investigation on the discrimination of diluted and concentrated
trout water should be performed. Based on the bile findings, future studies should focus on
discriminating between structural variants of TCA at the juvenile sea lamprey olfactory bulb
and their use as stimuli in laboratory behavioural assays such as choice mazes. Diurnal effects
may play a more significant role in the juvenile sea lamprey’s response to olfactory stimuli and
should be examined. The Y-maze may not have been a perfect system and it is not
recommended for use where a laboratory stream is possible. While this project has served as
the basis for future endeavours, it is clear that further experimentation to optimize the feeders
is necessary and focus for subsequent studies should focus on the use of the silicone fish to
replace live hosts in the laboratory.
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6. Lay Summary
In the mid-1900s, an invasive fish species contributed to the collapse of the Great Lakes
fisheries. This jawless fish is known as the sea lamprey, who spends a portion of its life sucking
out the blood of other fishes it feeds on parasitically. Due to the sea lamprey’s role in collapsing
the Great Lakes fisheries and the current efforts to conserve the species in other parts of the
world, scientists have been intrigued to learn more about the sea lamprey’s biology and
behaviour. As you can imagine, studying this species can be difficult in a laboratory when these
animals require live host fish (blood) as their meal. Allowing sea lamprey to feed on other
fishes can be inhumane and cause undue harm to the other fishes involved. Because of this,
there is a large gap in our understanding of these parasitic creatures. The goal of my project
was to design an artificial feeding system that will replace the need to use other fish species as
a food source while studying the sea lamprey in the laboratory. The artificial feeder that looked
like a fish was found to be user friendly for integration into the laboratory setting and easier
for lampreys to find and attach themselves to compared to our feeder that did not represent a
fish. Porcine blood was used instead of fish blood and was found to grow the sea lamprey that
fed from it. The lamprey did not find the artificial feeding system more appealing when a fish
meal was included. The production and use of our two feeders could be used in the laboratory
to learn more about these blood sucking fish.
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7. Integrative Nature of Research Biology
This project fits the integrative nature of the Integrative Biology program because it
encompassed the biological sciences and aspects related to engineering and ethology. Since the
basis of my project was applied in nature, designing the feeders required the use of computeraided design software and a collaboration with the Science Maker Lab at Wilfrid Laurier
University. Through my work with the Science Maker Lab, I had to learn how to use this design
software, how to safely use the equipment to create my feeders, and how to apply simple
geometry to adjust the design of the feeders. When building the feeders, I had to consider not
only the mechanisms of feeding, but also the mechanisms of attachment. Adjustments to the
feeders required an understanding of attachment mechanism and how to incorporate these ideas
to better suit the needs of the juvenile sea lamprey. One of the goals of my project was to further
understand the physiology of the juvenile sea lamprey and the mechanisms of digestion.
Although this project did not propose a mechanism for how iron is taken up in the intestine,
the combination of using porcine blood as the liquid meal and the histology aspects leaves
room for further exploration into the gut physiology. The project also focused heavily on
juvenile sea lamprey behaviour as this particular life stage’s behaviour has not been well
elucidated. A significant portion of the project was spent studying chemosensory cues in
juvenile sea lamprey. Despite limited success, the use of the Y-maze allowed me to develop
my understanding of ethological principles, an area of study I had limited exposure to in the
past. The juvenile stage of the sea lamprey has been likened to a “black box” as we lack the
understanding of their basic biology and behaviour. Use of the silicone fish or the Porto feeder
may help researchers contribute to creating more effective control methods for this particular
life stage in the future. The creation of a successful feeder may also be of importance to
propagate sea lamprey populations for restoration or for food markets in Europe or North
American Indigenous populations.
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Supplemental Information
SI Table 1. Bayes factors interpretations. A summary of the qualification of Bayes factors
(BF) using the adjectives suggested from Jefferys’ The Theory of Probability (1961).
Bayes Factor

Interpretation

BF < 0.01

Decisive evidence for H0

0.01 – 0.033

Very strong evidence for H0

0.033 – 0.1

Strong evidence for H0

0.1 – 0.33

Substantial evidence for H0

0.33 – 0.1

Anecdotal evidence for H0

BF = 1

No Evidence

1–3

Anecdotal evidence for H1

3 – 10

Substantial evidence for H1

10 – 30

Strong evidence for H1

30 – 100

Very evidence for H1

BF > 100

Decisive evidence for H1
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SI Figure 1. Correlation of the Prussian blue staining intensity (AU) in the livers and the gain
in body mass (%) of fed and unfed juvenile sea lamprey in the second manual feeding
experiment (Pearson’s r = -0.931, BF = 3.878).
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Hemoglobin Concentratin (g Hb kg-1 BM )
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SI Figure 2. Correlation of the hemoglobin concentration (g Hb kg-1 wet body mass) and the
total protein concentration (g protein kg-1 wet body mass) of the extracted gut contents in the
fed and unfed juvenile sea lamprey of the second manual feeding experiment (Pearson’s r =
0.854, BF = 2.076).
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SI Figure 3. Correlation between each individual’s final mass (g) and the Prussian blue staining
intensity (AU) in the livers of fed and unfed juvenile sea lamprey from the second manual
feeding experiment.
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Liver Staining Intensity (AU)
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SI Figure 4. Correlation of the total protein concentration (g protein kg-1 wet body mass) in
the gut contents and the Prussian blue staining intensity (AU) of the livers of the fed and unfed
juvenile sea lamprey in the second manual feeding experiment.
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Appendix
BCA Assay Microwell Protocol
Prepare the Working Solution:
Combine 50 parts BCA solution with 1 part Copper solution, for example, for 10ml working
solution combine 10ml BCA solution with 0.2ml Copper Solution. The mixed Working
Solution should be a clear, green solution.
Microwell Protocol:
1. Pipette 25μl of each standard and protein samples into a microplate well.
2. Add 200μl Working Solution to each tube, seal and vortex to mix.
3. Cover the plate and incubate the assays at 37°C for 30 minutes.
4. Cool the plate to room temperature.
5. Measure the absorbance at 562nm, or between 540-590nm.
6. Subtract the average absorbance of the Blank standard from the samples and then
prepare a standard curve to determine protein concentrations.

Iron Staining Protocol
Solutions and Reagents:
20% Aqueous Solution of Hydrochloric Acid:
20 mL Hydrochloric acid, concentrated
80 mL Distilled water
Mix well.
10% Aqueous Solution of Potassium Ferrocyanide:
10 g Potassium ferrocyanide, Trihydrate (K4Fe(CN)6.3H2O, FW 422.4, Sigma, Cat# P-3289)
100 mL Distilled
Mix to dissolve
Working Solution:
Mix equal parts of 20% hydrochloric acid and 10% potassium ferrocyanide
solution JUST before use.
Nuclear Fast Red Solution Procedure:
1. Deparaffinize and hydrate sections to distilled water.
2. Mix equal parts of hydrochloric acid and potassium ferrocyanide prepared
immediately before use. Immerse slides in this solution for 20 minutes.
3. Wash in distilled water, 3 changes.
4. Counterstain with nuclear fast red for 5 minutes.
5. Rinse twice in distilled water .
6. Dehydrate through 95% and 2 changes of 100% alcohol.
7. Clear in xylene, 2 changes, 3 minutes each.
8. Coverslip with resinous mounting medium.
Results:
Iron (ferric form): bright blue
Nuclei: red
Cytoplasm: pink
90

